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Commissioner for Patents 
P.O. Box 1450 
Alexandria, VA 22313-145 

Dear Sir: 

I, Paul Ahlquist, Ph.D., declare that: 

1 . lama Professor of Oncology and Molecular Virology at the University of Wisconsin- 
Madison School of Medicine and Public Health, Madison, Wisconsin. I am also a named 
inventor on the above-identified application. The focus of my laboratory is studying the novel, 
RNA-based pathways and virus-host interactions underlying replication, gene expression and 
evolution by positive-strand RNA viruses, the largest class of viruses. I have been asked by 
Attorney Jean Baker to comment on the December 19, 2008, Office Action in the above- 
identified application. 

2. The Office Action has questioned the conserved nature of delta9 fatty acid desaturases 
(hereafter D9FADs, also called SCDs). Unsaturated fatty acids (UFAs) are key determinants of 
membrane fluidity and other important membrane properties. As established in the earlier part 
of the interview, all studied eukaryotes from yeast to humans use D9FADs/SCDs to carry out 
the first step in synthesizng UFAs. D9FAD/SCD activity is thus crucial to maintaining basic 
membrane properties essential for all membrane-linked processes. 

3. Membranes are crucial to the replication of all well-studied positive-strand RNA viruses. 
In particular, all such viruses assemble the machinery for their genomic RNA replication 
(arguably the central event in their lifecycle) on one or more intracellular lipid bilayer 
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membranes. This is well documented, e.g., in a number of recent reviews that collectively refer 
to a great many distinct positive-strand RNA viruses, comprising many different genuses 
(genera) of positive-strand RNA viruses that infect humans, animals and plants. Such reviews 
include, e.g., Mackenzie 2005, Salonen 2005, and Ahlquist 2006. 

4. Different positive-strand RNA viruses use different intracellular membranes, but my 
laboratory has shown in one case that one can engineer the retargeting of viral RNA replication 
complexes from one membrane (mitochondrial) ) to another (endoplasmic reticulum [ER]), and 
that RNA replication proceeded at the new site at high levels (Miller 2003). Positive-strand RNA 
viruses commonly induce some type of membrane rearrangements at the membranes that they 
use for RNA replication, and for different viruses these membrane rearrangements can appear 
quite different. However, my lab has also shown that for a single virus (BMV), simple changes 
in the levels and interaction of the viral RNA replication factors dramatically alter the morphology 
of membrane arrangements (from vesicles to stacked membrane sheets), while preserving 
highly active RNA replication (Schwartz 2004 - this is also illustrated in Fig. 3c-d of Ahlquist 
2006). As is discussed further in these references, this implies that, despite the differences in 
appearance, the various membrane-associated replication structures share common features 
(such as features of protein-membrane and protein-protein interaction) that are the crucial 
features for supporting RNA replication. 

5. Examiner Chen has asked me to clarify the nature of brome mosaic virus (BMV) as a 
model system, particularly a model system for positive strand RNA virus replication. BMV has 
been a leading system in revealing the nature of positive strand RNA replication complex 
association with membranes. My lab has used BMV for many inquiries and to the nature of 
positive strand RNA replication, e.g., to show that the positive-strand RNA replication 
complexes use rearranged membranes to form new, infection-specific compartments in which to 
sequester viral RNA templates with their replication factors while protecting them from 
competing processes of RNA translation and decay. Key references in regard to these and 
other advances through BMV include, e.g., Schwartz 2002. the Ahlquist 2006 review and many 
references cited therein, and the Lee 2001 and 2003 papers that document the importance of 
the 0LE1 D9FAD. 

6. Examples of the importance of these BMV results as precedents for other positive-strand 
RNA viruses includes the frequent citation of these and other BMV papers from our group in 
many papers on positive-strand RNA viruses. Specific highly relevant examples include the 
adoption of our results on BMV as the major current model for RNA replication complex 
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formation by hepatitis C virus (HCV), one of the most clinically important human positive-strand 
RNA viruses. See, e.g., the repeated reference to our results on BMV-membrane interactions 
and membrane rearrangements in the Discussion of the HCV RNA replication paper by Miyanari 
2003, and further compare the model proposed for HCV replication complexes in Fig. 6 of 
Quinkert 2005 to Fig 7 in our paper Schwartz 2002. 

7. I have listed below the entire citation of references cited in this Declaration. Copies of 
these references are attached as Exhibit A. 

Ahlquist P (2006) Parallels among positive-strand RNA viruses, reverse-transcribing viruses and 
double-stranded RNA viruses. Nat Rev Microbiol 4: 371-382. 

Lee, W-M., M. Ishikawa and P. Ahlquist (2001 ). Mutation of host A9 fatty acid desaturase 
inhibits brome mosaic virus RNA replication between template recognition and RNA synthesis. 
J. Virol. 75:2097-2106. 

Lee, W-M. and P. Ahlquist (2003). Membrane synthesis, specific lipid requirements, and 
localized lipid composition changes associated with a positive-strand RNA virus RNA replication 
protein. J. Virol. 77: 12819-12828. 

Mackenzie J (2005) Wrapping things up about virus RNA replication. Traffic 6: 967-977. 

Miller, D. J., M. D. Schwartz, B. T. Dye and P. Ahlquist (2003). Engineered retargeting of viral 
RNA replication complexes to an alternative intracellular membrane. J. Virol. 77:12193-12202. 

Miyanari Y, Hijikata M, Yamaji M, Hosaka M, Takahashi H, Shimotohno K (2003) Hepatitis C 
virus non-structural proteins in the probable membranous compartment function in viral genome 
replication. 

J Biol Chem 278:50301-8. 

Quinkert D, Bartenschlager R, Lohmann V (2005) Quantitative analysis of the hepatitis C virus 
replication complex. J Virol. 79:13594-605. 

Salonen A, Ahola T, Kaariainen L (2005) Viral RNA replication in association with cellular 
membranes. Curr Top Microbiol Immunol. 285:139-73. 
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Schwartz, M., J. Chen, M. Janda, M. Sullivan, J. den Boon and P. Ahlquist (2002). A positive- 
strand RNA virus replication complex parallels form and function of retrovirus capsids. 
Molecular Cell 9:505-514. 

Schwartz, M,, J. Chen, W-M Lee, M. Janda and P. Ahlquist (2004). Alternate, virus-induced 
membrane rearrangements support positive-strand RNA virus genome replication. Proc. Natl. 
Acad. Sci. USA 101:11263-11268. 
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7. I declare that all statements made herein of my own knowledge are true and that all 
statements made on information and belief are believed to be true; and further that these 
statements were made with the knowledge that willful false statements and the like made are 
punishable by fine or imprisonment, or both, under Section 1001 of Title 18 of the United States 
Code and that such willful false statements may jeopardize the validity of the above-identified 
application or any patent issuing thereon. 



Respectfully submitted, 



Date: 
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EXHIBIT A 



REVIEWS 



Parallels among positive-strand RNA 
viruses, reverse-transcribing viruses 
and double-stranded RNA viruses 

PaulAhlquist 

Abstract | Viruses are divided Into seven classes on the basis of differing strategies for storing 
and replicating their genomes through RNA and/or DNA intermediates. Despite major 
differences among these classes, recent results reveal that the non-virion, intracellular RNA- 
replicatlon complexes of some positive-strand RNA viruses share parallels with the structure, 
assembly and function of the replicative cores of extracellular virions of reverse-transcribing 
viruses and double-stranded RNA viruses. Therefore, at least four of seven principal virus 
classes share several underlying features in genome replication and might have emerged 
from common ancestors. This has implications for virus function, evolution and control 



Positive-strand RNA virus 
A vims, the infectious virions of 
which contain the genome in a 
single-stranded, messenger- 
sense RNA form. 
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Despite continuing advances, established and emerging 
viruses remain major causes of human disease, with 
dramatic costs in mortality, morbidity and economic 
terms. In addition to acute diseases, viruses cause at 
least 15-20% of human cancers''' and are implicated in 
neurological and other chronic disorders. One of many 
challenges in controlling viruses and virus-mediated dis- 
eases is that Wruses show an amazing diversity in basic 
characteristics and life cycles, including differences in 
virion structure, replication strategies, genetic organiza- 
tion, gene expression and many other fundamental proc- 
esses. Therefore, even the very processes against which 
antivirals are targeted often differ radically among virus 
classes. Inherent in this remaiicable variety are intrigu- 
ing issues about the multiplicity of virus origins and the 
functional and evolutionary relations of existing viruses. 
Such issues have practical as well as academic impor- 
tance, as underlying similarities among virus classes 
might serve as a foundation for broader-spectrum 
antiviral strategies. 

One of the most elemental differences among viruses 
is their diversity in genome replication and encapsidation 
strat^es, which define seven major classes (RC. 1 ). Some 
viruses replicate their genomes solely through DNA inter- 
mediates, packaging these genomes in infectious virions 
either as double-stranded (ds)DNA or single-stranded 
(ss)DNA. By contrast, most viruses replicate their 
genomes solely through RNA intermediates. Such RNA 
viruses are divided into three classes based on whether 
their virions package the genome as mRNA-sense 
(positive-strand) ssRNA, antisense (negative-strand) 



ssRNA or dsRNA. Other viruses replicate by intercon- 
verting their genomes between RNA and DNA. The viri- 
ons of such reverse-transcribing viruses always initially 
package the RNA forms of their genomes, and either 
might (for example, hepadnavinises and foamy retro- 
viruses) or might not (for example, orthoretroviruses) 
reverse-transcribe the RNA into DNA before the virion 
exits the initially infected producer cell. 

Viruses in each of these seven classes tend to share 
additional features, such as gene-expression strategies 
and so on, that further cluster and differentiate their 
members from the other classes, showing that these 
classes represent meaningful, functionally distinct group- 
ings and probable evolutionary lineages. Some of these 
variations arise because the type of nucleic acid delivered 
by the virion to a tai^et cell dictates early infection and 
gene-expression steps. For example, to initiate viral gene 
expression, dsRNA virus virions and negative-strand 
RNA ((-)RNA) vims virions contain viral polymerases 
that transcribe the genome mto translatable mRNA, and 
reverse-transcribing-virus virions contain polymerases 
that copy the genome into cell-transcribable DNA 
(BOX 1 ). Positive-strand RNA ((+)RNA) vinjses, the virions of 
which deliver inrniediatdy translatable messenger-sense 
RNAs, encapsidate their RNA without a polymerase 
and form strictly intracellular RNA- replication and 
mRNAtramcription complexes (BOX 1 ). 

Despite these and other differences, recent results 
have revealed fundamental parallels in the genome- 
replication processes of certain (+)RNA viruses, dsRNA 
viruses and reverse-transcribing viruses. In particular, the 
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Figure 1 1 Seven classes of virus distinguished by genome replication and encapsidation strategies. The bracket 
highlights the four virus classes emphasized in this review. (+ |RNA. posltlve-strand RNA, which is single-stranded RNA of 
the same polarity as viral mRNA; (-)RNA, negative-strand RNA, which is single-stranded RNA of anti-mRNA polarity; 
dsRNA, double-stranded RNA: SARS, severe acute respiratory syndrome. 



Negative-strand RNA virus 

A virus. Che inrectious virions of 
which contain the genome in a 
single-stranded, anti- 
messenger-sense RNA form. 

Retroplasmid 

A DNA ptasmid that replicates 
by transcription and reverse 
transcription of an RNA 
intermediate. 



intracellular RNA-replication complexes of some> if not 
many, (-h)RNA viruses share several similarities with the 
repticative cores of virions from both dsRNA viruses and 
reverse-transcribing viruses. This review outlines these 
similarities and their potential implications for virus 
function and evolution. As primary examples, we review 
similarities among (+)RNA viruses in the alphavirus-like 
superfamily, the dsRNA reoviruses and the retroviruses. 
Other shared characteristics with similar evolutionary 
implications have been recognized recently among cer- 
tain other (+}RNA viruses, the dsRNA bimaviruses and 
the reverse-transcribing hepadnaviruses, including par- 
allels in viral RNA-polymerase structure, capsid proteins 
and protein priming of genome replication*^'. 

Negative-strand RNA (HRNA) vlaises (RC. l) also share 
similarities with some of the basic features reviewed 
here, suggesting that the functional and evolutionary 
parallels discussed below might be extended further. 
These possibilities are not discussed here in detail for 
reasons of space. In addition, whereas (+)RNA viruses, 
dsRNA viruses and reverse-transcribing viruses each 
use identical (+)RNA molecules as genome-replication 
intermediates and mRNAs, {-)RNA viruses are distin- 
guished by using different forms of (+)RNA for these 
functions. 

(-•')RNA virus and retrovirus parallels 

tRNAs and genome replication. One of the first simi- 
larities recognized between the replication of retroviruses 
and (+)RNA viruses was the role of tRNAs in initiating 
retroviral reverse transcription and of tRNA-like elements 
in initiating RNA replication by a subset of (+)RNA 
viruses such as the bromoviruses^ [FIG. 2). Bromoviruses, 
discussed further below, have three genomic RNAs with 
highly conserved, structured, tRNA-like 3' ends FIG. 2b). 
These 3' ends terminate in 3'-CCAq„ sequences that 
are completed by tRNA- nucleotidyl transferase, they 
are specifically aminoacylated in vitro and in vivo with 
tyrosine, and they contain the promoter for (-)RNA 
synthesis'°•'^ 

tRNA-related sequences initiate negative-strand syn- 
thesis for genomic RNA replication in both retroviruses 
and (+)RNA viruses, but the mechanisms are distinct F6r 



retroviruses, a cellular tRNA covalently primes negative- 
strand cDNA synthesis, whereas for the relevant (+)RNA 
viruses, a viral tRNA-like element serves as a recognition 
site and template for (-)RNA synthesis that is initiated 
de novo, without a primer. A natural intermediate and 
potential evolutionary link between these processes was 
identified by Lambowitz and coOeagues, who showed that 
a Neurospora crassa mitochondrial retroplasmid initiates 
reverse transcription without a primer at the tRNA-like 
y end of its genomic RNA, paralleling negative-strand 
initiation by (+)RNA viruses**. 

Membrane-associated RNA-replication complexes. As 
noted above, (+)RNA viruses differ from retroviruses 
and other RNA viruses in that they do not encapsidate 
their polymerases in extracellular virions. Nevertheless, 
emerging results show that similarities between (+)RNA- 
vinis RNA replication and retrovirus reverse tran- 
scription are not limited to aspects of negative-strand 
initiation and the general similarities of RNA and DNA 
polymerases. Instead, as detailed below, (+)RNA- virus 
RNA replication occurs in virus-induced compartments 
which have many similarities to the replicative cores or 
capsids of retrovirus virions. 

(+)RNA-virus replication is invariably localized to 
intracellular membranes. Different (+)RNA viruses tar- 
get distinct but usually specific membranes, such as those 
of the endoplasmic reticulum (ER)'*"", endosomes"**", 
mitochondria" or chloroplasts". RNA replication is 
usually associated with rearrangements of these target 
membranes, often giving rise to membrane invagina- 
tions, single- or double-membrane vesicles, membrane- 
bound vesicle packets and other structures. 

For many (•i-)RNA viruses, RNA synthesis localizes 
to membranes bearing 50-70-nm vesicular compart- 
ments that are invaginated away from the cytoplasm 
into the lumen of the affected secretory compartment 
or organelle. Such invaginations, termed spherules, 
were first visualized in early electron microscopy (EM) 
studies of alphavirus- infected cells*^'. There are many 
other examples of such invaginations in and beyond the 
alphavlrus-like superfamily, such as those associated 
with bromoviruscs^*^, nodaviruses" and tymoviruses". 
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Box 1 1 Distinct life cycles of dsRNA viruses, (♦)RNA viruses and retroviruses 



adsRNAvirus 



b <-t-)RNA virus 



C Retrovirus 




All three classes of virus replicate through positive^strand RNA ((•i')RNA) Intermediates (red strands in the figure) that are 
templates for both translation and genome replication. For each class, the figure shows a simplified, representative life 
cycle. 

Double-stranded (d5)RNA viruses 

As shown in part a of the figure, virus attachment and endocytosis deliver a virion core that contains viral genomic dsRNA 
and viral RNA polymerase (yellow) into the cytoplasm. The core transcribes and extrudes (+)mRNAs that are first translated 
(1) and then packaged (2) by the resulting viral proteins into new virion cores. Cores mature by synthesizing negative- 
strand HI^NA (dotted strand) and adding exterior proteins. They exit by cell lysis or secretion. 

<+)RNA viruses 

As shown in part b of the figure, endocytosed virions release messenger-sense genomic RNA into the cytoplasm for 
translation. Newly translated viral RNA-repUcatlon proteins recruit this genomic RNA into a membrane-associated, 
intracellular RNA-replication com|3(ex. Small amounts of (-)RNA are produced and used as templates to greatly amplify 
viral (-i-)RNA, which is erKapsidated into new progeny virions. 

Retroviruses 

As shown In part c of the figure, virion attachment and envelope fusion release a subviral complex that contains viral 
genomic (-fjRNA and reverse transcriptase (yellow). After cDNA synthesis by reverse transcription, proviralcDNA is 
integrated Into the host chromosome and transcribed to produce (•«-)RNA that is translated (1) and then packaged (2) into 
new virions that are released by budding. 



As illustrated in FIC. 5a-c, for nodaviruses and bromo- 
viruses, such spherules frequently occur in contiguous 
clusters and are often light-bulb- shaped structures, 
the interiors of which are connected to the cytoplasm 
through membranous necks. 

Parallels with retrovinu capsids. Retroviruses package 
their reverse transcriptase (also designated Pol) and their 
genomic RNA templates into membrane- enveloped 
capsid shells assembled by the major capsid protein. 
Gag"-" (FIC. 4a). For most retroviruses, these capsids 
bud from the cell together with viral envelope proteins 
and are delivered to new ceUs by infection* giving rise to 



intracellular complexes in which reverse transcription 
occurs""^'. For foamy retroviruses and retrovirus- like 
LTR (long terminal repeat) retrotransposons, reverse 
transcription occurs in such capsids without leaving 
the producer ccll"-*^. Such capsids contain hundreds^' 
to thousands'^ of Gag proteins and approximately 
10-20-fold fewer Gag-Pol fusion p^otelns^^ Retrovirus 
genomic RNAs are selectively packaged in these capsids 
by Gag interaction with specific ci5-acting signals, often 
designated as 4''^^. 

Recently, links between the intracellular spherules of 
(+)RNA viruses and retrovirus capsids emerged from 
studies of brome mosaic virus (BMV) RNA replication. 
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Figure 2 [ Schematic overview of retrovirus and bromovirus genomes, a | Schematic 
of the genomic RNA of a simple retrovirus and encoded virion proteins Cag and Gag-Pol. 
b I Schematic of bromovirus genomic RNAs 1, 2 and 3 and encoded RNA-replication 
factors la and 2a'*'. CA, capsid; Env, envelope-protein gene; ER. endoplasmic reticulum; 
MA, matrix; NC, nucleocapsid; RE, RNA template recruiting element for genomic RNA 
replication; TLS, 3' iRNA-like sequence, which contains the promoter for negative-strand 
RNA synthesis; tRNA, host tRNA primer for negative-strand cDNA synthesis; H*, RNA- 
packaging signal 



BMV is the type member of the bromoviruses and a rep- 
resentative member of the alphavirus-Iike superfunily of 
(+)RNA viruses. This superfamily includes many viruses 
that infect animals or plants, aU of which share three con- 
served protein domains that are invoked in RNA replica- 
tion*^*'. In BMV, these domains are distributed across two 
replication proteins, la and 23^*^ (FIG. 2b), that co-localize 
on ER membranes at the sites of viral RNA synthesis'*-'*, 
la contains an RNA-helicase-like domain and an RNA- 
capping domain with m'G methyltransferase and covalent 
m^G binding activities required for capping of viral RNAs 
in viv(f^, 2aP^ contains a central polymerase domaia 

Protein la is a multifunctional protein with cen- 
tral roles in the genesis and operation of BMV RNA- 
repHcation complexes (FIG. 4b). In the absence of other 
viral factors, la localizes to ER membranes'^ and induces 
invagination of the spherular replication compart- 
ments^, la also recruits nascent or foil-length 2ai^ to £R 
membranes by an interaction between the la helicase- 
like domain and the N-terminal extension that precedes 
the 2aP^ polymerase domain^*^. 

Protein la also transfers BMV genomic RNA- 
replication templates to a new state, which was first 
recognized because the stability and accumulation of 
BMV genomic RNAs was dramatically increased by la 
co-expression in yeast*'"*'. Subsequent work showed 
that la induces the transfer of BMV genomic RNAs to 



BrUTP labelling 
Labelling RNA by replacing the 
subscrate UTP with 5-bromo- 
UTP (BrUTP). The labelled RNA 
can be localized using elecbon 
microscopy following 
immunogold labelling with an 
antibody directed against BrU. 



a novel, membrane-associated, nuclease- resistant state^^ 
The location of the nuclease- resistant RNA and the site 
of RNA synthesis seem to be the spherule interior, as 
(+)RNA and (-)RNA templates and nascent BMV RNAs 
show identical membrane association and nuclease 
resistance* and immunogold EM localizes 5-bromo-UTP 
(BrUTPl-labelled nascent RNAs to the spherule interior**. 

Recruitment of BMV genomic RNAs to the RNA- 
replication complex by la is controlled In cis by internal 
(RNA3) or 5' proximal (RNAl and RNA2) recruitment 
elements (REs) on each genomic RNA (FIG. 2b), which 
are necessary and sufficient for la responsiveness*' ". 
Mutational studies show that the RE activity of BMV 
RNA derivatives in la-induced recruitment is closely 
linked to their relative template activity in (-)RNA 
synthesis and full RNA replication"'*'. Therefore, 
la-responsive RNA-template recruitment seems to be a 
crucial step that precedes replication. 

As shown in FIG. Aa.b, the roles of la, 2a''°' and the 
c/s-acting REs parallel the roles of Gag, Pol and in 
retrovirus replication. Similar to Gag, la localizes to 
the cytoplasmic face of membranes as a peripheral 
membrane protein'*, self-interacts**, and is the sole 
viral factor required to induce membrane invagina- 
tion**. Immunogold EM labelling and biochemical 
analyses show that each spherule contains hundreds 
of la proteins**. The resulting spherules (FIG. 5c) are 
remarkably similar to the necked vesicles that result 
when retrovirus budding is arrested by mutations in the 
Gag late domain that recruits host Actors required for 
membrane breakage and fusion**. Moreover, the high 
multiplicity of la in spherules, its strong membrane 
association and self- interaction, and the dependence 
of endocytic and secretory vesicle formation and 
enveloped-virion budding on protein coats or shells**-" 
indicate that la might induce membrane invagination 
by forming a capsid-like shell similar to that of Gag. 
Similarly, the la-R£ interaction in RNA-template 
recruitment parallels the Gag-y interaction in retro- 
virus RNA packaging. Like retrovirus Pol, BMV 2ar^ is 
not required for spherule formation or RNA recruit- 
ment. However, when expressed, 2aP'' is incorporated 
into the replication complex in a la/2a<^ ratio of ~25, 
similar to the Gag/Pol ratio of 10/20 (REFS 57.45). 

Similarities with other (••-)RNA viruses 

The universal association of (+)RNA- virus RNA rep- 
lication with modified intracellular membranes, often 
in association with membrane invaginations, and other 
shared features imply that the RNA-replication complexes 
of a wide variety of (+)RNA viruses might use principles 
that are similar to those illustrated in RC. 4b. Such paral- 
lels include the foUovnng: both alphavirus- and cucumo- 
virus-induced membrane spherules contain dsRNA"^'; 
BrUTP labelling implies that the interiors of alphavirus 
spherules are the sites of viral RNA synthesis**; hepatitis C 
virus and coronavirus (-)RNA- replication templates are 
in a membrane-associated, nuclease-resistant state*""; 
hepatitis C virus replication proteins are present in 
active replication complexes at > 100- fold excess over 
viral RNA and are sequestered in a protease-resistant 
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Translational frameshift 
A site-specific, programmed 
shift of some trartslatine 
ribosomes from one reading 
frame to anotfier, allowing a 
fraction of translation products 
to t}e extended in the new 
firame. 

liranslational readthrough 
Programmed translation of 
some ribosomes through a 
termination codon. aHowing a 
fraction of translation products 
to be extended beyond the 
normal stop site. 



state*'-*'; polioWrus polymerase and possibly other rep- 
lication fectors self-oiigomeri2e in extended lattices"; 
and tombusvirus genomic RNA possesses an internal 
cis signal for initial template recruitment and separate 
3' terminal sequences for negative-strand initiation**. 

Furthermore, just as for retrovirus Gag and BMV 
la, the membrane structures associated with genome 
replication by many (+)RNA viruses can be induced by 
a subset of viral RNA- replication proteins that do not 
include the polymerase. Examples include the RNA- 
replication- associated membrane structures induced by 
alphavirus nsP123 (REF. 65), arterivirus nsp2 and nsp3 
(REF. 66), hepatitis C virus nsP4B (REFS 1 9.67] and picoma- 
virus2BC (REFS 18.68.69). 

As explained further below, the parallels among 
(+)RNA-vinis RNA-replication complexes, retrovirus 
capsids and dsRNA- virus capsids (FIG. 4) imply possible 
mechanistic explanations for several common features 
of (+)RNA-virus RNA replication, such as the ability of 
the replication complex to retain (-)RNA templates for 
positive-strand synthesis, differential regulation of 
(-)RNA and (+)RNA synthesis, and frequent down- 
regulation of polymerase expression, 

Pol regulation in retroviruses and (+)RNA viruses. In 
retrovirus genomes, the Pol open reading frame (ORF) 
follows that of Gag and is expressed by a rare translational 
framesfiift or translational readthrough event, generating an 
~20-fold ratio of Gag/Gag-Pol (FIG. 2a) that is incorpo- 
rated into the final virion (RG. 4a). This highly asymmet- 
ric ratio regulates the free volume and other parameters 
of the capsid, and is functionally important, as increasing 
the level of Gag-Pol relative to Gag inhibits retrovirus 
virion assembly, release and infectivity^^-^^'. 

Similarly, many (+)RNA viruses downregulate expres- 
sion of their polymerase relative to RNA-replication 
proteins related in sequence and/or functions to la. The 
finding that BMV la parallels Gag in acting at high mul- 
tiplicity to induce the RNA-replication compartment 
(FIG. Aa.t)) implies that such polymerase downregula- 
tion might satisfy functional requirements similar to 
those governing the Gag/Gag-Pol ratio in retrovirus 
capsids. Like retroviruses, many (+)RNA viruses use 
translational readthrough or frameshift to downregu- 
late polymerase expression. Well-studied examples 
include the animal alphaviruses and arteriviruses and 
plant tobamoviruses and tombusviruses. In each case, 
the ORF upstream to that of polymerase encodes a 
protein(s) with parallels to la. Specifically, alphavirus 
nsPI23 and tobamovirus pl30 are homologous to la 
(REF. 40), and nsP123 is sufficient to induce membrane 
spherules*'; arterivirus ORF la proteins Induce mem- 
brane rearrangements associated with RNA replica- 
tion"; and tombusvirus p33 self-interacts and directs 
membrane association of itself, viral RNA and polymer- 
ase". As with Gag and Pol, increasing expression of the 
polymerase-containing fusion proteins at the expense 
of the upstream membrane-interacting proteins inhibits 
tobamovirus and alphavirus replication''''^ 

Unlike the above examples, bromoviruses express la 
and 2at^' from separate genomic RNAs (FIG. 2b). In this 
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Figure 3 1 Electron micrographs of membrane 
rearrangements associated with nodavirus and 
bromovlrus RNA replication, a | Mitochondria in a flock- 
house-nodavirus-lnfected Drosophila cell, showing the 
typical 50-70-nni, light-bulb-shaped spherular 
invaginations of the outer mitochondrial membrane Into 
the expanded lumen between the inner and outer 
membranes. Reproduced with permission from REF 22 
©(2001) American Society for Microbiology, 
b ( Mitochondrion in a flock-house-nodavirus-lnfected 
DrosophilQ ceil that has been sectioned perpendicular to 
the axis of the spherule necks, rather than parallel to 
these axes as in panel a. This view reveals a 'vesicle 
packet' appearance (B, Kopek and PA., unpublished 
results). Note that invagination Into the lumen of any 
closed membrane compartment such as the endoplasmic 
reticulum (ER) or mitochondrial envelope creates a 
spherule interior that remains connected to the 
cytoplasm, but that in the section shown in b. the 
spherule appears separated from the cytoplasm by two or 
more bounding membranes, c | Similar 50-70-nm 
spherular vesicles invaginated from the outer perinuclear 
ER membrane into the ER lumen, in a yeast cell expressing 
brome mosaic virus (BMV) replication factor la in the 
absence of other viral components. Indistinguishable 
spherules occur in cells expressing la and BMV 2^ in a 
20/1 ratio and replicating BMV RNA3. Reproduced with 
permission from REF. 45 ® (2002) Elsevier, d | Karmellae- 
like layering of the outer perinuclear ER membrane in 
cells expressing BMV la plus elevated levels of BMV 2a<"^. 
and replicating BMV RNA3. Note at top and bottom left 
that the -60-nm Intermembrane space is contiguous with 
the cytoplasm. Reproduced with permission from REF. 84 
© (2004) National Academy of Sciences. USA 



regard, they parallel the foamy vims genus of retroviruses, 
which express Gag and Pol as independent proteins from 
separate mRNAs**. Although expressed separately, direct 
in vivo interaction between the C-terminal la helicase 
domain and N-terminal sequences of nascent 2ai^ results 
in a la-2a^ complex with a polarity that is reminiscent 
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of orthoretrovirus Gag-Pol**^ (FIG. 2). Moreover, whereas 
translation from separate mRNAs precludes regulation by 
frameshift or readthrough, BMV downregulates 22^ at 
translation initiation" and by degradation of 2aP^ that is 
not complexed with la(REF 76). la-2a**' interaction itself 
is down regulated by competing la- la interaction^ and 
2aP*^ phosphorylation''. Therefore, like alphaviruses", 
bromoviruses have evolved several mechanisms to 
reduce polymerase accumulation and incorporation 
to achieve the retrovirus-like la to 23**" ratio of 25/1 in 
RNA-repiication complexes^', 

Some other (+)RNA viruses, such as hepatitis C 
virus and picornaviruses, use polyprotein expres- 
sion strategies that translate all viral ORFs, including 
polymerase, at equimolar levels. In at least some of 
these cases, only a fraction of polymerase sequences 
might be active owing to production of processing 
intermediates that lack polymerase sequences or 
activity, polymerase- active and -inactive conformers, 
polymerase sequestration in the nucleus and/or inclu- 
sion bodies, and other effects"'". Some retrotrans- 
posons that produce equimolar levels of Gag and Pol 
appear to use related strategies to regulate polymerase 
incorporation or activity"*^'. 



Alternative membrane rearrangements. Whereas RNA 
replication by many (+)RNA viruses induces spheru- 
lar membrane invaginations similar to those shown 
in FIC. 5a-c, some (+)RNA viruses induce alterna- 
tive membrane rearrangements. In many cases, the 
topologies of these rearranged membranes remain 
under investigation and, as discussed below, some 
superficially distinct membrane structures might share 
underlying parallels in topology, assembly and func- 
tion. Similarly, depending on the conditions, retrovirus 
Gag not only assembles normal capsids but also sheets, 
tubes and other structures*^. 

Flavivirus RNA replication locali2es to packets 
in which an outer bounding membrane surrounds 
50-1 00- nm vesicles that label with antibodies to viral 
RNA- replication proteins and dsRNA". These vesicle 
packets are similar to EM views of BMV spherules 
invaginated into the ER lumen" or nodavirus spher- 
ules invaginated into the lumen between the inner and 
outer mitochondrial membranes", when sectioned 
perpendicular to the direction of invagination (FIG. 3b). 
BrUTP-labcUed RNA synthesis by the related hepatitis C 
virus localizes to potentially similar clusters of '^85-nm 
vesicles surrounded by undulating membranes, termed 
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Figure 4 1 Parallels between structure, assembly and function of retrovirus capsids, dsRNA- virus capsids and 
('*-)RNA-vlrus RNA-re pit cation complexes. Highly simplified schematics are shown in each case, a | Assembly of a 
retrovirus capsid includes the interaction of membrane-associated Gag and Cag-PoL Gag-dependent genomic RNA 
encapsidation takes place through packaging signal and this is followed by budding. To emphasize similarities with 
panels b and c, synthesis of negative-strand cDNA (dashed lines) is shown prior to budding, as occurs for foamy 
retroviruses, b | Assembly and function of a bromovirus RN A-repllcatlon complex at the outer endoplasmic-reticulum 
membrane Includes interaction of membrane-associated la and 2a*"'. la-dependent genomic RNA encapsidation takes 
place through the recruitment element (RE) template recruitment signal This is followed by synthesis and retention of 
negative-strand RNA (dashed black lines), and asymmetric synthesis and export of positive-strand progeny RNA (red lines), 
which for at least some positive-strand RNA ((i-)RNA) viruses proceeds by a semi-conservative mechanism as shown'^'. 
c I Assembly and function of the capsid core of a generalized double-stranded (d5)RNA virus includes encapsidation of 
genomic RNAs by a packaging signal (PS), synthesis and retention of negative-strand RNA (dashed black lines) and 
subsequent asymmetric synthesis and export of positive-strand progeny RNA (red lines). (+)RNA synthesis by dsRN A 
viruses can be either semi-conservative'^, as shown, or cohservative"^"\ 
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the membranous web*'*^. Recently, models \^th strong 
parallels to bromovirus replication complexes have 
been proposed for RMA-replication complexes of 
hepatitis C virus*^'. 

RNA replication by picornaviruses, arteri viruses 
and coronaviruses occurs in conjunction with double- 
membrane vesicles, that is, vesicles bearing two closely 
appressed bounding membranes'^*"^*. Similar to spher- 
ules, arterivirus double-membrane vesicles are thought' 
to form by invagination of appressed ER membranes". 
Some EM sections of poliovirus double-membrane vesi- 
cles display a narrow neck that connects the inner and 
outer membranes to each other, and that also connects 
the vesicle interior to the cytoplasm*^, indicating possible 
genesis by invagination, continuing connection with the 
cytoplasm, or both. 

Interconversion of membrane rearrangements. Further 
evidence linking seemingly distinct membrane 
rearrangements in RNA replication is that altering the rel- 
ative levels and interactions of BMV replication hdors la 
and 2a(^ shifts the associated membrane rearrai^ements 
between two dramatically distinct forms'*. Expressing 
la plus low levels of 2rf^ ( la/2a»*'«20) induces spherular 
replication complexes matching those of natural bromo- 
virus^-^* and alphavirus'* infections (FlC. 3c). By contrast, 
expressing la plus higher levels of laT^ induces stacks 
of appressed double membranes that support RNA 
replication to levels as high as spherules^ (FIG. 5d). 
The spaces between these double membrane layers 
parallel spherule interiors in being 50-60 nm wide, 
containing la and 2a<**', and being directly connected 
to the cytoplasm. Therefore, BMV-induced spherules 
and double membrane layers seem to be functionally 
and topologically equivalent forms that are built from 
the same protein -protein and protein-membrane 
interactions, but in altered proportions. 

Similar stacked, double^membrane ER layers and 
other ordered ER membrane arrays are induced by over- 
expression of membrane-associated picomavirus repli- 
cation factors 2B and 2BC (REFS 68,88). Moreover, the 
double- membrane vesicles associated with picomavirus 
RNA replication, the spherule-bearing mitochondrial 
membranes associated with nodavirus RNA replication 
and the spherule-bearing chloroplast membranes associ- 
ated with tymovirus RNA replication aU duster by inter- 
action of sur&ce membranes bearing viral replication 
factors**-^". Therefore, a continuum of vesicle-forming 
and planar membrane interactions seems to be a normal 
part of RNA replication by many (+)RNA viruses. 

(•<-)RNA virus and dsRNA vims paraUeb 

Many of the above parallels between (+)RNA viruses 
and retroviruses extend to dsRNA viruses, which also 
sequester genomic RNA templates, viral polymerase 
and, often, RNA-capping functions in a protein shell 
for genome replication'^''' (RC. Ac). Possible connections 
between certain (+)RNA and dsRNA viruses were rec- 
ognized previously, based on conservation of polymer- 
ase^*'' and, in one case, on additional replication-factor 
sequences'^. 
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Figure 5 | Structure-function parallels between 
reovirus and bromovirus RNA-repUcation factors. The 

schematics Illustrate similarities between Interaction and 
fur^ction of reovirus core shell-forming protein Xl. RNA- 
capplng protein Xl and RNA-dependent polymerase X3, 
and the interactions and functions of the brome mosaic 
virus (BMV) la C-proxImal NTPase/hellcase domain (laC), 
la N'proximal RNA-capping domain (laN) and laf^ RNA- 
dependent RNA polymerase. The reovirus X1-X2-X.3 
interactions shown in the schematic occur at each of the 
twelve 5 -fold axes of the reovirus core. 



Smdiarities with Reoviridae cores. BMV RNA-replication 
factors and replication complexes share several similari- 
ties with the icosahedrally symmetric replicative cores 
of the dsRNA-virus &mily Reoviridae (RC. 4). Reoviridae 
virions consist of one or more outer-protein shells that 
are shed during cell entry, surrounding an RNA-contain- 
ing core that synthesizes RNA in vivo and in vitrei. For 
the Orthoreovims genus of die Reoviridae, the transcrip- 
tionally active, dsRNA-containing core is bound by an 
-eO-nm icosahedral shell made from 60 dimers of protein 
Xl (REF. 9A). At each of the twehre 5-fold axes of the core, 
one copy of the A.3 polymerase resides inside the shelP, 
whereas on the shell exterior, a pentamer turret of the 
Xl capping proteins surrounds the 5-fold axis*^. The A3 
polymerase copies the genomic dsRNA templates into 
new (-i-)RNA progeny, exporting the nascent RNAs to 
the cytoplasm through the X2 pentamer turret, which 
adds m^G caps to the 5' ends. 

BMV la shows many parallels in function and 
protein-protein interactions with reovirus core proteins 
Xl and X2, implying potentially similar roles in RNA 
synthesis (FIG. 5). la parallels Xl as the self-interacting, 
high-copy-number inducer of the viral RNA- replication 
compartment, yieldmg the spherular BMV replication 
complexes. The 50-70-nm intra-membrane diameter of 
these spherules is similar to the reovirus Xl core-pro- 
tein shell. The C-terminal la NTPase/helicase domain 
and its alphavirus homologues have NTPase, RNA 
S'-triphosphatase and helicase activities'^'', matching 
Xl (REFS 100.101). The la NTPase/helicase domain also 
anchors BMV RNA polymerase la^^ to the replication 
complex by direct interaction'", whereas Xl performs 
the same role for reovirus RNA polymerase X3 (RER 95). 
The resulting twelve X3 polymerases per core are similar 
to the estimated 10-15 ZdT^ per BMV RNA-replication 
complex*^ Continuing these parallels, Xl and the la 
NTFase/helicase domain each anchor RNA-capping 
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functions to the RNA-synthesis complex in the form of 
reovirus X2 protein and the BMV la N- terminal domain, 
respectively. X2 (REFS 103.104) and the la N-terminal 
domain*^-^* '*" both possess guanyiyltransferase and 
methyltransferase activities that add m^G caps to 
the 5' ends of the (+)RNA products of their respective 
RNA-synthesis complexes. 

RNA packaging, synthesis and export. Recent results 
indicate possible parallels between the recruitment of 
(+)RNA templates to BMV RNA-replication complexes 
and the packaging of (+)RNAs in dsRNA viruses. For 
dsRNA bacteriophage (|)6, viral (+)RNAs are translocated 
into a pre- formed, empty core by a hexameric viral 
NTPasc/helicase. IM (REFS 106.107). Similarly, recruit- 
ment of BMV genomic RNAs from a membrane-bound, 
nuclease-sensitive state into the nuclease-resistant 
spherule replication complex, but not formation of the 
membrane- invaginated spherules themsehes^ is blocked 
by single amino-acid substitutions that inhibit the 
NTPase activity of the laNTPase/helicase domain**. 
Also, like (|>6 P4, the la-homologous NTPase/heli- 
case domain of protein pl26 of tobacco mosaic virus 
forms hexamers'". For the Reoviridae, packaging viral 
(+)RNAs for replication also involves a viral protein with 
NTPase, RNA-binding and helix-destabilizing activities 
— the octameric NSP2 for the Rotavirus genus*"*'"" and, 
potentially, ^2 for the Orthoreovirus genus''^''*'". Like 
4^ P4 (RER 106J and BMV la (REF. 11 2), ^2 also seems to 
be a co-&ctor for (+)RNA synthesis'". 

For dsRNA viruses, packaging of (+)RNAs is 
associated with, or followed by, (-)RNA synthesis, 
yielding dsRNAs that are protected in cores or core- 
like precursors'"-'*. Similarly, BMV (-)RNA synthesis 
depends on la- mediated (+)RNA recruitment*'*", 
and the resulting (')RNA products are exclusively 
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Figure 6 1 Parallels and distinctions among the life cycles of reverse-transcribing 
viruses, i-i-jRNA viruses and dsRNA viruses. All three classes of virus share a similar 
replication cycle for their genomic RNA (central cyclical steps) but derive their infectious 
virions from different intermediates in that cycle (radial arrows). See text for further 
details. ('h)RNA positive-strand RNA: dsRN A, double-stranded RNA. 



retained in the nuclease-resistant, membrane-associated 
RNA-replication compartment**. This retention in a 
virus- induced RNA-replication compartment explains 
the efficient, repetitive in vivo use of (-)RNAs as tem- 
plates for (+)RNA synthesis, and the lack of {-)RNA 
exchange between RNA-replication complexes in the 
same celP'\ Compartmentalization of RNA templates 
also seems to be important in protecting dsRNA-virus 
genomes and the potentially dsRNA-replication inter- 
mediates of (+)RNA viruses^* from dsRNA- induced 
host defences, including interferon responses and RNA 
interference**""*-"* 

A reovirus-like pathway for (+)RNA replication 
(FIC. Ab.c) would also explain the common early shutoff 
of (-)RNA synthesis in BMV and other (+)RNA viruses, 
while (-»-)RNA synthesis continues unabated"* ' 
and the dependence of (-)RNA synthesis on continuing 
protein synthesis""*. In such a model, (-)RNAs might 
be synthesized primarily during or immediately after 
replication-complex assembly from newly synthesized 
proteins, forming dsRNAs that would preferentially or 
exclusively be templates for (+)RNA synthesis in the 
resulting stable replication complexes. Replication- 
complex assembly and negative-strand synthesis seem 
to cease on exhaustion of a limiting host factor, possibly 
the target membrane for replication- complex forma- 
tion'**"'. Pre- formed replication complexes, however, 
remain active in (+)RNA synthesis"^"'. 

For both the Reovirida^ and the alphavirus-like 
supcrfamily"'*'*, (-)RNAs are not capped. By contrast, 
(+)RNA products are modified with 5' m'G caps and 
exported to the cytoplasm from both dsRNA virus 
cores'**"'"' and BMV spherules**"^*. This and the par- 
allels noted above between the capping functions and 
polymerase interactions of the responsible reovirus 
proteins and la suggest that the transcription/capping/ 
export complexes at the 5-fold axes of dsRNA-virus cores 
might provide models for at least some aspects of the 
corresponding processes at the spherule necks of BMV 
and other (+)RNA-virus replication complexes. 

Possible evolutionary relationships 
The above results show that reverse-transcribing viruses, 
dsRNA viruses and many, if not all, (-i-)RNA viruses 
share central features of genome replication (FIG. 6). Most 
fundamentally, all replicate their genome through an 
RNA intermediate that also functions as an mRNA. In all 
three cases, viral proteins that are translated from these 
mRNAs capture the mRNA template with its polymerase 
in a multi-subunit core, sequestering viral RNA from 
competing processes such as translation and degrada- 
tion, and sequestering polymerase from competing 
templates. The polymerase then copies the mRNA into 
a complementary template from which more mRNA is 
produced. 

The variations on this theme that distinguish the 
three virus classes primarily relate to possessing an 
RNA-dependent RNA or DNA polymerase, and to 
deriving infectious virions from different intermediates 
in the common replication cycle. Orthoretroviruses, 
such as HI V, export the replicative core prior to copying 
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the mRNA intermediate (RC. 6. bottom right). By con- 
trast, foamy viruses, hepadnaviruses and dsRNA viruses 
export the replicative core after copying the mRNA 
intermediate (RC. 6, bottom left). For (+)RNA viruses, 
the virion is separate from the replication complex, and 
capsid proteins that are not involved in RNA replication 
padkage and export the mRNA intermediate before it is 
sequestered with polyzherase (FIG. 6, top). These distinct 
virion-assembly choices have important consequences, 
as noted m the mtroduction, but from some perspectives 
could be considered temporary extracellular excursions 
because, as soon as the next cell is infected, each virus 
re-enters the central, shared replication pathway. 

Although no set of shared features can distinguish 
divergent from convergent evolution, the many parallels 
summarized here suggest that (+)RNA viruses, dsRNA 
viruses and reverse-transcribing viruses might have 
arisen from conunon ancestors. The transitions required 
for such evolution can be readily envisioned, and in some 
cases have precedents. RNA-dependent RNA and DNA 
polymerases, for example, have related structures'"'"^ 
and a shift between the two has generally been postulated 
as the basis for the emergence of DNA-based biology 
from the RNA world*. In keeping with the potential for 
such transitions, BM V RNA-dependent RNA polymerase 
can copy DNA templates'", and reverse transcriptase can, 
with single point mutations, incorporate ribonucleotide 
triphosphates (rNTPs) to produce RNA'". 

Established and emerging results further indicate that 
the intracellular RNA-replication complexes of (+)RNA 
viruses might evolve into infectious extracellular virions, 
similar to those of dsRNA or reverse-transcribing viruses, 
by relatively simple modifications. The spherule RNA- 
replication complexes of alphaviruses, for example, occur 
on endosomal membranes and, in lesser numbers, at the 
plasma membrane, where their appearance closely mim- 
ics budding virions''. Such spherules are released into 
the medium at low frequency^, which might explain the 
novel infectious particles released from cells replicating 
alphavirus derivatives with all natural virion proteins 
deleted and replaced by envelope protein G of vesicular 
stomatitis virus*". As G protein is readily incorporated 
into many particles that bud from the plasma membrane 
and confers the ability to attach to, and fuse membranes 
with, many cells» incorporation of G protein into spherule 
membranes might confer infectivity by allowing released 
replication complexes or their RNAs to enter new cells. 

Once acquired, infectivity might be enhanced and 
optimized through subsequently selected events. For 
retroviruses and other enveloped viruses, eiBficient virion 
budding requires recruiting functions from the host-cell 
muhivesicular-body pathway^'. This host machinery 
can be recruited by incorporating into viral proteins 
any of a range of short protein-interaction motifs 
or L domains, which function in a largely position- 
independent manner^^ RNA-recombination events 
that are suitable to acquire such L domains, favour- 
able envelope-protein genes or other relevant func- 
tions from cellular or other viral RNAs are rampant in 
(+)RNA viruses and retroviruses, representing a major 
force in virus evolution'''"*". 



Additional pathways for evolutionary transitions 
between the intracellular RNA- replication complexes of 
(+)RNA viruses and dsRNA virions have recently been 
suggested«^»». As the replication complexes of (+)RNA 
viruses are invariably membrane-associated, it is nota- 
ble that virions of the Rotavirus genus of the dsRNA 
Reoviridae bud through membranes during assembly 
and exit from cells"*. Moreover, rotavirus transmem- 
brane protein nsP4, which mediates virion-core asso- 
ciation with ER membranes, is required for correct 
assembly of the viroplasms in which core assembly and 
replicative RNA synthesis occur, indicating linkage of 
these processes with membranes"^'". dsRNA bacterio- 
phage ^6 virions abo become membrane-enveloped 
during exit*^. 

Whereas most views of virus relationships have 
tended to emphasize the features and classes depicted in 
FIC. 1 , it is intriguing that several alternative, orthogonal 
virus groupings are defined and mutually distinguished 
by features that are more strongly conserved across two 
or more of the classes in FIG. 1 . Selected examples include 
the conservation of an unusual polymerase-sequence 
rearrangement between (+)RNA tetraviruses and dsRNA 
birnaviruses*, or the use of protein-primed genome rep- 
lication by the (+)RNA picornaviruses, dsRNA birna- 
viruses and re verse- transcribing hepadnaviruses^^'^, 
in contrast to the use of tRNA-like elements by bromo- 
viruses and retroviruses. Such relationships suggest that 
transitions between the virus classes depicted in FIG. l 
might have evolved on more than one occasion, and that 
links between viruses within a class might not always be 
as strong as links between classes. 

Implications for virus control 

The emergence of conunon underlying principles in 
the central replication processes of (+)RNA viruses, 
reverse-transcribing viruses and dsRNA viruses sug- 
gests that some of these shared features might provide 
useful targets for broader-spectrum or generalizable 
approaches for virus control. One approach might be 
to modulate membrane lipid composition, as recent 
results show that assembly and function of membrane- 
associated (+)RNA- virus replication complexes and 
retrovirus caspids are highly sensitive to the lipid com- 
position of their target membranes, which in at least 
some cases can be manipulated by small-molecule 
therapeutics'""'^. Another general approach might be 
to interfere with oligomerization or function of oligo- 
merizing replication £actors such as retrovirus Gag and 
BM V la by dominant negative mutants*'*', inhibition 
of required chaperones"'*'^, targeted incorporation of 
destructive ligands or other approaches. Further inter- 
ventions might be based on interfering with viral RNA 
interactions that are essential for genome packaging, 
replication and other steps, using nucleic-acid aptam- 
ers or other inhibitors'*'. Other approaches might inter- 
fere with the trafficking of viral replication factors and 
RNAs to their required intracellular sites of assembly'*'. 
Opportunities for such interference will continue to 
increase as further aspects of these processes are under- 
stood in greater detail. 
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Concluding remarks 

An exciting aspect of current virology is that advancing 
results have not only continued to enrich our under- 
standing of individual viruses, but also to reveal unify- 
ing principles that link many aspects of virus infection, 
replication and host interactions across a surprisingly 
wide breadth of virus-host systems. The resulting 
insights display a fundamental order within the vast 
and sometimes apparently chaotic diversity of known 



viruses, with important ramifications for virus func- 
tion and evolution. As the full extent of this tapestry of 
relations is still emerging, ongoing studies will continue 
to extend and refine the underlying mechanistic con- 
nections. In association with their mechanistic inipor- . 
tance, the results should have a growing impact on our 
abilities to limit the continuing toU and emerging threat 
of viral diseases, and to develop the beneficial uses of 
viruses. 
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All positive-strand RNA viruses assemble their RNA replication complexes on intracellular membranes. 
Brome mosaic virus (BMV) replicates its RNA in endoplasmic reticulum (ER)-associated complexes in plant 
cells and the yeast Saccharomyces cerevisiae. BMV encodes RNA replication factors la, with domains implicated 
in RNA capping and helicase functions, and 2a, with a central polymerase-like domain. Factor la interacts 
independently with the £R membrane, viral RNA templates, and factor 2a to form RNA replication complexes 
on the perinuclear ER. We show that BMV RNA replication is severely inhibited by a mutation in OLEl, an 
essential yeast chromosomal gene encoding d9 fatty acid desaturase, an integral ER membrane protein and the 
first enzyme in unsaturated fatty acid synthesis. OLEI deletion and medium supplementation show that BMV 
RNA replication requires unsaturated fatty acids, not the Olel protein, and that viral RNA replication is much 
more sensitive than yeast growth to reduced unsaturated fatty acid levels. In olel mutant yeast, la still becomes 
membrane associated, recruits 2a to the membrane, and recognizes and stabilizes viral RNA templates 
normally. However, RNA replication is blocked prior to initiation of negative-strand RNA synthesis. The 
results show that viral RNA synthesis is highly sensitive to lipid composition and suggest that proper 
membrane fluidity or plasticity is essential for an early step in RNA replication. The strong unsaturated fatty 
acid dependence also demonstrates that modulating fatty acid balance can be an effective antiviral strategy. 



All positive-strand RNA viruses of eukaryotes studied to 
date have RNA replication complexes localized to intracellular 
membranes, often in association with infection-specific mem- 
brane proliferation and or vesiculation (28, 29, 38, 39, 41). 
Multiple results indicate that membrane association is impor- 
tant for viral RNA synthesis. In vitro synthesis of positive- 
strand RNAs of picornaviruses and nodaviruses depends on 
membranes (31, 48). Activation of the alphavinis Semliki For- 
est virus (SFV) RNA-capping enzyme requires lipids with an- 
ionic head groups (3). Ceruienin, an inhibitor of lipid synthesis, 
inhibits RNA replication by poliovirus and SFV (16, 34). 
Brefeldin A, an inhibitor of secretory vesicle formation, se- 
verely inhibits RNA replication by poliovirus and rhinovirus, 
though not by some other picornaviruses (11, 20, 30). Despite 
these results, the nature and function of membrane association 
in positive-strand RNA virus replication remain poorly under- 
stood. 

Brome mosaic virus (BMV) is a representative member of 
the alphavirus-like superfamily of human, animal, and plant 
positive-strand RNA viruses. The BMV genome is composed 
of three RNAs, RNAl and RNA2 respectively encode la and 
2a, the only BMV proteins required for RNA replication, la 
and 2a interact (25) and contain three domains conserved with 
those of other superfamily members, la contains an N-termi- 
nal domain with m^G methyltransferase and m^GMP covaleni 
binding activities required for capping viral RNA in vivo (1, 26) 
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and a C-terminal DEAD box RNA helicase domain. 2a con- 
tains a central polymerase-like domain, la directs itself and 2a 
to the endoplasmic reticulum (ER) membrane to form repli- 
cation complexes that colocalize with viral RNA synthesis (7, 
37, 38). RNA3 encodes a cell-to-cell movement protein (3a) 
and the coat protein, which are dispensable for RNA replica- 
tion. The 3 '-end-proximal coat protein gene is not translatable 
from RN A3 but only from a subgenomic mRNA, RNA4, syn- 
thesized from negative-strand RNA3 (Fig. 1). 

As well as in BMV's natural plant hosts, la and 2a direct 
RNA3 replication and subgenomic mRNA synthesis in the 
yeast Saccharomyces cerevisiae (24). This yeast system repro- 
duces all known features of BMV RNA replication in plant 
cells, including localization of replication complexes to the 
perinuclear ER (7, 37). When RNA3 or its derivatives are 
introduced by transfection or in vivo DNA-dependent tran- 
scription into yeast expressing la and 2a, negative -strand 
RNA3 is synthesized and used as a template for RNA-directed 
synthesis of more positive-strand RNA3 and subgenomic 
mRNA to express the coat protein gene or its replacements 
(Fig. lA). Replacing the coat gene with suitable reporter genes 
thus provides colony-selectable or -screenable phenotypes 
linked to BMV RNA replication (22, 24). 

To identify cellular factors and functions required for BMV 
RNA replication, we screened for yeast mutants with defects in 
their support of BMV-directed gene expression. Here we de- 
scribe the isolation and characterization of one such yeast 
mutant, herein designated olelw yeast, which inhibited BMV 
RNA replication by more than 95%. The affected OLE! gene 
encodes an integral ER membrane protein, A9 fatty acid de- 
saturase, essential for conversion of saturated fatty acids 
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FIG. 1. (A) Pathway for initiating BMV-directed, RNA-dependent 
RNA replication and subgenomic mRNA synthesis from DNA. (Top) 
cDNA-based RNA3 launching cassette including BMV noncoding re- 
gions (single lines), movement protein gene, intergenic replication 
enhancer (RE), 5 '-end-flanking GALl promoter, and 3 '-end-flanking 
hepatitis delta virus ribozyme (Rz). ORF X represents the BMV coat 
gene or its replacements, URA3, GUS, or CAT. On galactose induc- 
tion, cellular RNA polymerase II synthesizes positive-strand RNA3 
transcripts that serve as the templates for la- and 2a-directed RNA3 
replication and subgenomic mRNA (RNA4) synthesis required to ex- 
press the coat protein gene or its replacements. The bent arrow below 
negative-strand RNA3 represents the RNA4 start site. (B) BMV-directed 
GUS expression in wt YMI04 and mutant olelw yeast. Yeast cells were 
grown in Gal-containing liquid medium for 48 h, and GUS activity per 
milligram of total protein was measured. Averages and standard devia- 
tions from three independent cultures of each yeast are shown. (C) BMV- 
directed CAT expression in wt YMI04 and mutant olelw yeast trans- 
fected with B3CAT in vitro transcripts, Transfected spheroplasts were 
incubated 12 h in Gal medium, and CAT expression per milligram of 
total protein was measured. Data are presented as in panel B. 



(SFAs) to unsaturated fatty acids (UFAs) (44, 45). These 
UFAs are incorporated into membrane lipids and are major 
determinants of membrane fluidity and plasticity (10, 36, 40, 
42, 47). We found that the OLEl protein was not required for 
BMV RNA replication but that one or more steps between 
template recognition and initiation of viral RNA synthesis re- 
quired UFAs at levels far above those required for yeast 
growth. Thus, the olel mutation reveals linkage between lipid 
composition and specific early steps in viral RNA replication. 
Through its ability to block RNA replication at a particular 
step, the olel mutation should be valuable for further study of 
RNA synthesis initiation and the membrane association of 
RNA replication. These results also suggest new directions for 
antiviral strategies. 



MATERIALS AND MEI HODS 

Plasmids. Yeast 2\Lm plasmids, pBlCr]9 (HIS3 marker gene) and pB2CriS 
(LEU2 marker) (24), and centromeric plasmids, pBlYTBH marker) and 
pB2Yr5 iLEU2 marker) (7), were used to express la and 2a from the ADH I and 
GALl promoters, respectively. pBIYTSH was made by substituting the HIS3 
gene for the URA3 gene in pBI YT3 (Y. Tomita and M. Ishikawa, unpublished 
results), a yeast cenn-omcric plasmid with the la open reading frame (ORF) 
linked to the GALl promoter. All pla,smids expressing RNA3 or its derivatives 
were derived from pB3R039, a centromeric plasmid with the TRPl marker gene, 
as described previously (22). A yeast genomic DNA librar>', ATCC 77164, con- 
taining yeast strain YPHl genomic DNA fragments (average size, 8.8 kb) in 
the ceniromeric vector pRS200 {TRPl marker) (18) was u.sed to identify the 
complementing gene. The olelw mutation was isolated by using the gap repuir 
method (12) to clone an Hpa\-Puc\ DNA fragment containing the first 9i)% 
of the OLEl ORF and 220 bp of 5' noncoding sequence (Fig. 2B) from the 
mutant yeast into the vector pRS200, DNA sequencing was performed at the 
Automated DNA Sequencing Facility. University of Wisconsin Biotechnology 
Center. 

Veast strains, cell growth, and transformation. Yeast strain YPH500 {MATa 
ura3'52 ly52-801 ade2-101 tyrl'63 his3-200 ieu2-l) and its derivatives (21) were 
used throughout, except that YMI06, a derivative of YPH499 (MATa ura3-52 
fys2'801 ade2'101 trpl'63 his3-200 leu2-l), (21) was used for mating. YMI04. the 
parental strain for mutant isolation, was a YPH500 derivative containing chro- 
mosomally integrated B3URA3 and B3GUS expression cassettes and plasmids 
pBlCT19 and pB2CT15. olel ^::URA3 ycasx was constructed by integrative tran.s* 
formation (12) of YM104 with the Nltel-BsrGl fragment of Fig. 2B with the 
EcoNl'Pacl fragment, coiUnining 400 bp of the 5' noncoding sequence and 90% 
of the OLEl ORF, replaced by the transcriptionally active i/RA3 gene. The 
isogenic strains o/e/tv^ and olelw,' were constructed by integrative transformation 
of the Nhe\-BsrG\ fragment (Fig. 2B) containing the olelw mutation into, re- 
spectively, olelA::URA3 and an equivalent olcl^\'.VRA3 derivative of YPH500. 
Correct integration was verified by Southern blot analysis. 

Yeast cultures were grown at 30*'C until mid-logarithmid phase (optical density 
at 600 nm = 0.5 to 0.7) in defined synthetic medium with relevant amino acids 
omitted to maintain selection for pla.smlds as described previously (22). Yeast 
cell pellets, harvested by low-speed centrifugation, were stored at -70"*C until 
RNA or protein extraction. Tergitol Nonidet P-40 (1%) was added to the me- 
dium to solubilize fatty acids (44). Plasmid transformation was performed with a 
FROZEN-EZ yeast transformation kit (Zymo Research). 

RNA transfcction. Capped in vitro RNA transcripts of B3CAT were .synthe- 
sized from pB3CA101, spheroplasts were prepared from yeast grown for 24 h in 
Gal medium^ and RNA transfectlons were performed as described previously 
(24). 

GUS and CAT assays. ^-Glucuronidase (GUS) filter lifts and quantitative 
assays were performed as described previously (22). For chloramphenicol acetyl- 
transferase (CAT) assays, yeasi lysate was prepared as for the quantitative GUS 
assay but a different extraction buffer (50 mM Tris [pH 7.3], 5 mM EDTA. 0.1%- 
N-lauroytsarcosine, 0,1% Triton X-lOO, and IX protease inhibitors (0,5 mM 
phenylmethylsulfonyl fluoride, 2.5 mM benzamidine, I jxg of pepstaiin A per ml, 
and 2.5 pig each of aprotinin and leupeptin per ml j) was used. CAT protein levels 
were measured with a CAT enzyme-linked immunosorbent assay kit (Boehringer 
Mannheim), and total protein was determined with a Bradford protein assay kii 
(Bio-Rad) using bovine serum albumin as a concentration standard. 

Western blotting. Protein was prepared as for the CAT assays except that the 
extraction buffer was augmented with 20 mM 2-mercaploethanol and a 2X 
solution of the protease inhibitors and the clarified cell lysate was supplemented 
with 1% sodium dodecyl sulfate and boiled for 5 min to inactivate the proteases. 
Total protein of each cell lysate was determined by a sodium dodecyl sulfale- 
tolerant Bio-Rad DC Protein Assay (Lowry assay). Equal amounts of total 
protein were electrophoresed and transferred to nylon membrane, la and 2a pro- 
teins were probed with corresponding antibodies and detected by chemilumities- 
cence (3S). 

Northern blotting. Total yeast RNA isolation, RNA concentration determi- 
nation by absorbance at 260 nm, agarose-formaldehyde gel electrophoresis, and 
transfer to nylon membrane were performed as described previously (4, 24). 
Positive-strand RNA3 and RNA4 were detected with a -^'P-labeled RNA probe 
complementary to their 3' 200 bases. Negative-strand RNA3 was deiecied with 
a -^'P-lubeled RNA probe corresponding to the CAT gene (for B3CAT) or coat 
gene (for B3 and B3CP'^^') coding sequence (24). Radioactive signals were mea- 
sured with a Molecular Dynamics Phosphorlmager. 
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FIG. 2. (A) Schematic of a 5-kb region of yeast chromosome VH containing the OLEl ORF (thick arrow), showing 2.9-kb fragment 1, which 
complements BMV-directed GUS expression in oleJw yeast, and noncomplementing fragments II and III, Arrows show flanking ORFs. (B) 
Complementation of BMV-directed GUS expression in olelw yeast by fragment I of panel A. wt and olelw yeast cells were transformed with the 
yeast centromeric plasmid pRS200 carrying fragment I or with the empty plasmid vector. Transformants were grown, and GUS activity was 
measured as described in the legend to Fig. IB. (C) The isogenic strain oleJwi, constructed by replacing the OLE] gene in wt YMI04 with the olelw 
gene from mutant yeast, reproduced the phenotype of the original olelw mutant. 



RESULTS 

Isolation of a yeast mutant strongly inhibiting BMV-di- 
rected gene expression. To isolate mutants with a reduced 
ability to support BMV-directed gene expression, we used 
yeast strain YMI04 (21). YMI04 contains plasmids expressing 

BMV la and 2a from the constitutive ADHJ promoter and 
chromosomally integrated cassettes expressing B3URA3 and 
B3GUS from the galactose (Gal)-inducible GALl promoter. 
B3URA3 and B3GUS are BMV RNA3 derivatives with the 
coal gene replaced by the URA3 and GUS genes, respectively. 
URA3 or GUS expression requires both Gal to induce 
B3URA3 and B3GUS transcription and BMV la- and 2a- 
directed RNA replication and subgenomic mRNA synthesis 
(Fig. lA). 

To isolate mutants, UV-mutagenized YMI04 yeast cells 
were plated on Gal medium containing 0.1% 5-fluoroorotic 
acid to select against cells with BMV-directed URA3 expres- 
sion. After 5 to 7 days, about 0.1% of the plated cells devel- 
oped into colonies. Six thousand such colonies were examined 
for BMV-expressed GUS activity by filter lift assays. Three 
hundred isolates with blue color development lacking or de- 
layed relative to that of wild-type (wt) YM104 were selected 
and mated with YMI06, which contained no BMV sequences 
and had the mating type (MATa) opposite to that of YMI04 
(MATol), Of the resulting 300 diploids, 100 showed restored 
GUS activity, implying that inhibition of BMV-directed GUS 
expression in the corresponding YMI04-derived parental hap- 
loids was due to recessive yeast chromosomal mutations com- 
plemented by the YMI06 genome. One such Gus" haploid 
isolate, in which BMV-directed GUS expression was reduced 
20-fold, was chosen for further analysis. Complementation ex- 
periments showed that this mutation was independent of the 



previously described BMV-inhibiting yeast mutations mabl, -2, 
and -3 (21). 

This original mutant strain is herein designated olelw yeast 
because, as shown below, the causal mutation that inhibits 

BMV RNA replication maps to the yeast OLE] gene, w is an 
allele designation to distinguish this mutation from other olel 
mutations, olelw yeast grew normally, its doubling time in 
defined Gal medium, about 5 h, paralleled that of wt YMI04 
yeast. Nevertheless, BMV-directed gene expression was 
strongly inhibited: GUS activity per milligram of total protein 
in extracts of olelw yeast averaged 5% of that of wt YM104 
yeast (Fig. IB). To determine if this inhibition was due to 
defective DNA-directed transcription or nucleocytoplasmic 
transport of B3GUS RNA3, these nuclear steps were bypassed 
by transfecting olelw yeast with in vitro transcripts of B3CAT, 
an RNA3 derivative with the coat gene replaced by the CAT 
gene. Since the ratio of CAT expression in olelw yeast to that 
in wt yeast was equal to that for GUS (Fig. IB to C), cytoplas- 
mic steps of BMV RNA synthesis must be inhibited in olelw 
yeast. 

The yeast OLEl gene complements the mutant defect in 
BMV-directed gene expression. To identify genes able to com- 
plement this recessive defect in supporting BMV-directed gene 
expression, olelw yeast cells were transformed with a yeast 
genomic DNA library carried by the shuttle vector pRS200, 
which bears the yeast TRFl gene (18), Of 20,000 transformants 
screened by filter lift assays for BMV-directed GUS activity, 5 
reproducibly showed wt blue color development. From each of 
these transformants, a pRS200-based plasmid was isolated by 
its ability to permit E. coli auxotrophic strain KC8 to grow on 
medium lacking tryptophan (4). Each of these plasmids com- 
plemented the olelw mutation when it was retransformed into 
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FTG. 3. (A) Pathway of unsaturated fatty acid synthesis and incorporation into membrane phospholipids. Olelp, A9 fatty acid desaturase, 
synthesizes palmitoleoyi coenzyme A (Co A) and oleoyl-CoA by introducing a double bond between C-9 and C-10 of palmitoyl-CoA and 
stearoyl-CoA, respectively. (B) UFAs restore BMV-directed GUS expression in yeast lacking OLE] {olel /^::URA3) and olelw yeast, wt YMI04, 
olel^v.URAS, and olelw yeast cells were grown in defined Gal media containing the indicated amounts of UFA (an equimolar mixture of 
palmitoleic and oleic acids; see Results) until mid-log phase. GUS activity was measured as described in the legend to Fig. IB. Cell doubling time 
was calculated from the increase 'u\A^ during log-phase growth. 



olelw yeast. Sequencing both ends of the yeast genomic DNA 
in these plasmids revealed two overlapping fragments of yeast 
chromosome VII: bases 397187 to 406757 and bases 398499 to 
407045. The 8.25-kb region common to both fragments con- 
tained five ORFs of 100 or more codons and two tRNA genes. 

By deletion mapping and filter lift assays for BMV-directed 
GUS activity, complementing activity was assigned to a 2.9-kb 
Nhe\-BsrG\ fragment containing only the OLEl ORF (Fig. 
2A). When transformed into olelw yeast, this fragment re- 
stored BMV-directed GUS expression to wt levels (Fig, 2B). 
Moreover, the complete OLEl gene was required for full 
complementation (Fig. 2A). 

To determine whether OLEl was the originally mutated 
gene or an extragenic suppressor, the olelw gene was cloned 
from the mutant yeast by gap repair and used to replace the 
OLEl gene in wt YMI04 yeast by integrative transformation. 
The resulting oklWj isogenic strain reproduced the original 
olelw mutant phenotype, inhibiting BMV-directed GUS ex- 
pression 10 5% of that of the wt, and this phenotype was 
suppressed by a plasmid bearing the wt OLEl gene (Fig. 2C). 

To identify the causal mutation in the olelw allele, restric- 
tion fragments were exchanged between the mutant and wt 
OLEl genes and the recombinant plasmids were tested for the 
ability to complement olelw yeast. The mutant phenotype was 
mapped to a 280-bp DNA fragment encoding Arg,^^7-Leu2fi2 of 
the OLEZ-encoded protein, Olelp. DNA sequencing of this 
region in the wt and mutant genes revealed a single A-to-G 
substitution, causing a Tyr2i2 (TAT)-to-Cys (TGT) substitu- 
tion in Olelp. 

UFAs restore BMV-directed gene expression in olelw and 
olel^ yeast. Olelp is the A9 fatty acid desaturase, a 510-amino- 
acid (57-kDa) integral ER membrane protein that converts 
saturated palmitic (16:0) and stearic (18:0) acids into unsatur- 
ated palmitoleic (16:1) and oleic (18:1) acids (Fig. 3A). These 
UFAs exist in yeast cells primarily (>95% of the time) as acyl 



chains of membrane phospholipids and are important deter- 
minants of membrane fluidity and other physical properties. 
Transcriptional and posttranscriptional regulation of OLEl by 
UFAs, SFAs, and other conditions are largely responsible for 
regulating the UFA/SFA ratio and thus membrane fluidity (9, 
17). As the only enzyme converting SFAs to UFAs, OLEl is 
essential for yeast growth in media lacking UFAs (44). A9 fatty 
acid desaturase is also the rate-limiting, initial enzyme for 
UFA synthesis in animals (32). 

Because BMV RNA synthesis is also associated with yeast 
ER membranes (37), the function and localization of Olelp 
suggested two possible explanations for the inhibition of BMV- 
directed gene expression in mutant yeast. First, the olelw mu- 
tation might alter the level of UFAs in yeast membranes, which 
might inhibit BMV RNA replication, subgenomic mRNA syn- 
thesis, or both through effects on membrane fluidity or other 
physical properties. In keeping with this hypothesis, the olelw 
mutation (Tyr2,2 to Cys) is located in the predicted catalytic 
domain of Olelp (45). Alternatively, Olelp itself, as an integral 
membrane protein, may be required as an anchor for the BMV 
RNA replication complex on the ER. 

To determine whether BMV-directed gene expression re- 
quired Olelp itself or only UFAs, we used integrative trans- 
formation to delete the OLEl ORF of wt YM104 yeast and 
replace it with the URA3 gene, creating olel A::URA3 yeast. As 
expected, olel ^::URA3 yeast was unable to grow in medium 
lacking UFAs (Fig. 3B). The growth of olel ^::URA3 yeast and 
its ability to support BMV-directed gene expression were then 
tested in medium supplemented with increasing amounts of 
UFA. UFA was provided as an equimolar mixture of the Olelp 
products palmitoleic and oleic acids, which results in a cellular 
fatly acid composition similar to that in unsupplemented wt 
yeast (6), UFA (0.02 to 0.1 mM) was sufficient to restore 
olelA::URA3 yeast to growth with a wt doubling time, but 
BMV-directed GUS expression remained inhibited to 5 to 
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15% of wt levels (Fig. 3B). Higher UFA levels progressively 
improved BM V-directed GUS expression, with nearly wt levels 
being restored by 0.4 mM UFA. Thus, UFAs but not Olelp 
were important for BM V-directed GUS expression. The ability 
of olel mutant yeast to grow with substantially reduced UFA 
levels is consistent with the finding that UFA levels in wt yeast 
membranes are five- to ninefold higher than required for 
growth under optimal conditions (19, 44). The excess UFA is 
thought to provide extra membrane fluidity required to adapt 
to environmental changes such as a fall in temperature. Con- 
sistent with this, olelw and olelwi yeast lost viability within a 
few days in storage at 4**C while wl yeast was stable for several 
weeks. 

Supplementing the original olelw yeast with UFAs also re- 
stored BMV-directed GUS expression (Fig. 3B), implying that 
the original mutant phenotype was caused by reduced desatu- 
rase activity, olelw yeast required less UFA supplementation 
than its olel^::URA3 counterpart to restore a similar level of 
BMV-directed GUS expression. This finding is consistent with 
the fact that olelw yeast cells were isolated and grow normally 
on defined medium lacking UFAs (see above) and so must 
retain sufficient desaturase activity for cell growth. When ei- 
ther olel mutant was grown in high levels of UFA, some in- 
crease in doubling time was noted. However, a similar result 
was seen with wl yeast and mild inhibitory effects of UFAs on 
yeast growth have been reported previously (49). 

la and 2a protein accumulation and membrane association 
In mutant yeast. To facilitate the viral RNA accumulation 
experiments described below, we made an additional isogenic 
yeast strain, olelw-\ bearing the olelw allele but lacking the 
chromosomally integrated B3URA3 and B3GUS expression 
cassettes of YMI04 and olelw,. This olelw/ strain allowed 
study of wt RNA3 and RNA3 derivatives introduced on plas- 
mids, while avoiding interference from B3URA3 and B3GUS 
RNAs in Northern blot analysis of BMV RNA replication 
products. The initial BMV RNA template used was B3CAT, 
which combines an easily assayed reporter gene with higher 
accumulations of BMV RNA replication products than are 
found with B3GUS. 

wl and olelw/ yeast were transformed with plasmids ex- 
pressing B3CAT, la, and 2a. With v4DH7 -expressed la and 2a, 
olelw/ yeast showed wt la protein accumulation and slightly 
reduced 2a protein accumulation (Fig. 4A, lanes 1 to 3). Since 
2a levels can be reduced substantially without inhibiting BMV 
RNA replication (13), it was unclear if this reduction contrib- 
uted to the olelw RNA replication phenotype. To resolve this, 
we tested plasmids expressing la and 2a from the GALl pro- 
moter which yield higher levels of and more stable la and 2a 
expression in yeast (12), As intended, G/IL 7 -promoted expres- 
sion increased la and 2a accumulation in wt yeast, and these 
higher la and 2a levels were reproduced in olelw/ yeast with 
or without UFA supplementation (Fig. 4A, lanes 4 to 6). 

BMV-directed CAT expression in olelw/ yeast with ADHl- 
expressed la and 2a was 5% of that of the wt (Fig. 4B, left 
side), duplicating the original olelw phenotype (Fig. IC). Add- 
ing 0.2 mM UFA to the medium restored 2a accumulation and 
CAT expression to wt levels. The Gy4L/ -promoted increase in 
la and 2a accumulation coincided with a fivefold increase in 
BMV-directed CAT expression in wt yeast and UFA-supple- 
mented olelw/ yeast (Fig. 4B). However, despite wt la and 2a 
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FIG. 4. (A) Western blot analysis of la and 2a protein accumula- 
tion in wt and olelw/ yeast containing a plasmid expressing B3CAT 
and either /4DHy-promoted la and 2a expression plasmids (lanes 1 to 
3) or GALl -promolQd la and 2a expression plasmids (lanes 4 to 6). 
Yeast was grown to mid-log phase in Gal medium containing no UFA 
(-) or U.2 mM UFA (+). Cell lysates were prepared, and equal 
amounts of total protein were electrophoresed and Western blotted as 
described in Materials and Methods. (B) BMV-directed CAT expres- 
sion in the yeast cells described in the legend to panel A. (C) Distri- 
bution of la and 2a between membrane and soluble cytoplasmic frac- 
tions in olelw/ yeast with or without the UFA supplementation. 
olelw/ yeast cells expressing C/IL/ -promoted la, 2a, and RNA3 were 
harvested at mid-log phase, and total protein (Tot.) was extracted. A 
portion of the lysate was centrifuged at ) 0,000 x ^ to yield pellet (Pel.) 
and supernatant (Sup.) fractions. The same percentage of each frac- 
tion was analyzed by electrophoresis and Western blotting. 



levels, CAT expression in unsupplemented olelw/ yeast with 
G/4L7-promoteci la and 2a was only 2% of that in the wt (Fig. 
4B). Thus, the olelw mutation inhibited BMV-directed gene 
expression at one or more steps after la and 2a protein pro- 
duction. To provide equal levels of 2a accumulation in wt and 
olel mutant yeast, all subsequent experiments were performed 
with G/IL 7 -expressed la and 2a. 

Confocal microscopy and cell fractionation show that la and 
2a are associated with ER membrane in wt yeast that replicates 
BMV RNA (7, 37). To determine if the olelw mutation inhib- 
ited membrane association of la and 2a, olelw/ spheroplasts 
with 7 -expressed la, 2a, and RNA3 were osmotically 
lysed, membranes were pelleted at 10,000 x and Western 
blotting was used to examine the distribution of la and 2a 
between the membrane and soluble cytoplasmic fractions (7). 
As shown in Fig. 4C, patterns of distribution were identical in 
olelw/ yeast with or without the UFA supplementation and 
identical to that in wt yeast (7). Thus, the olelw mutation did 
not impede membrane association of la or its ability to direct 
2a to membrane. 
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FIG. 5. Northern blot analysis of RNA3 and RNA4 accumulation in wl and o/e/w/ yeast containing plasmids directing C/IL 7 -promoted 
expression of la, 2a, and the indicated RNA3 derivatives. Yeast cells were grown as described for Fig. 4. Total RNA was prepared, and equal 
amounts of total RNA were electrophoresed and Northern blotted as described in Materials and Methods. Because negaiive-strand RNA3 
accumulates to 30- to lOO-fold-lower levels than those of positive-strand RNA3 in wt yeast, negative-strand blots were printed at a higher intensity 
to facilitate visualization. Negative-strand RNA3 (open bars), positive-strand RNA3 (shaded bars), and positive-strand RNA4 (filled bars) 
accumulations were measured with a Phosphorlmager (Molecular Dynamics) and normalized to that of wt yeast. The histogram shows averages 
and standard deviations from three experiments. 





Inhibited accumulation of BMV RNA replication products 
in olelw/ yeast. To deterinine whether inhibition of BMV- 
directed gene expression by olelw mutation was due to a defect 
in subgenomic mRNA (RNA4) synthesis or translation, we 
measured B3CAT RNA4 accumulation in wt and olelw/ yeast. 
Positive-strand RNA4 accumulation in olelw/ yeast was only 
2% of that of the wt (Fig. 5, lanes 1 to 3), fully accounting for 
the reduction of BMV-directed CAT protein expression (Fig. 
4B). Similar inhibition of positive- and negative-strand B3CAT 
genomic RNA (RNA3) accumulation was seen in olelw/ yeast 
(7 and 5% of wt levels). All of these viral RNA accumulation 
defects were suppressed by medium supplementation with 0.2 
mM UFA (Fig. 5, lanes 2 to 3). 

Since B3CAT is not a natural BMV RNA replication tem- 
plate, we also tested wt RNA3 replication in olelw/ yeast. As 
shown in Fig. 5, lanes 4 to 6, negative- and positive-strand 
RNA3 and positive-strand RNA4 accumulations in unsupple- 
mented olelw/ yeast were 9, 13, and 9% of wt levels. The 
slightly larger accumulations of wt RNA3 and RNA4 in olelw/ 
yeast (13 and 9% of wt levels) relative to levels of B3CAT 
RNA3 and RNA4 (7 and 2% of wt levels) could be due to 
expression of small amounts of coat protein, which selectively 
encapsidates and stabilizes BMV RNAs (27), To explore this, 
we tested B3CP^\ in which coat protein expression was elimi- 
nated by a 4-base frameshifting insertion immediately after the 
initiating AUG codon and simultaneous mutation of the sec- 
ond in-frame AUG codon to AUG (46). As shown in Fig. 5, 



lanes 7 to 9, B3CP*^ RNA3 and RNA4 accumulated in olelw/ 
yeast to 7 and 3% of wt levels, implying that coat protein was 
largely responsible for increased wt RNA3 and -4 accumula- 
tions relative to those in B3CAT. To eliminate any effects of 
coat protein on RNA3 stability and accumulation (see above), 
B3CP^'' and its derivatives were used in all subsequent exper- 
iments. 

Normal la-induced RNA3 stabilization in olelw/ yeast. In 
wt yeast lacking 2a, la acts through the cw-acting intergenic 
replication enhancer (RE) of positive-strand RNA3 (Fig. lA) 
to dramatically increase the stability and accumulation of 
RNA3 transcripts while inhibiting their translation (23). Mul- 
tiple results, including parallel inhibitory and stimulatory ef- 
fects of RE mutations on la-induced RNA3 stabilization and 
RNA3 replication, indicate that these la-induced effects reflect 
the initial recruitment of RNA3 templates from translation to 
RNA replication (12, 46). To better determine the stage at 
which RNA3 replication was inhibited in olelw/ yeast, we 
tested for la-induced stimulation of RNA3 transcript accumu- 
lation in olelw/ yeast. 

In the absence of la and 2a, plasmid-derived, positive-strand 
RNA3 transcripts accumulated to equal levels in olelw/ yeast 
with or without the UFA supplementation that suppresses the 
olelw phenotype (Fig. 6, lanes 1 to 2). Thus, the olelw muta- 
tion did not affect DNA-dependent synthesis or accumulation 
of RNA3 transcripts. In the presence of la, RNA3 accumula- 
tion increased 16-fold in olelw/ yeast, again independently of 
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FIG. 6. Northern blot analysis of BMV positive-strand RNA3 ac- 
cumulation in olelwi yeast expressing the indicated BMV compo- 
nents. The derivative of RNA3 was used to avoid the effects of 
coat protein on RNA accumulation (see Results), Yeast cells were 
grown, and positive-strand RNA3 accumulation was analyzed as de- 
scribed for Fig. 5. The histogram shows averages and standard devia- 
tions for positive-strand RNA3 accumulation, normalized to the level 
in UFA-supplemented oleJw/ yeast (lane 2), from three experiments. 
Thus, the histogram scale represents the fold increase in RNA3 accu- 
mulation in the presence of la (lanes 3 to 4) or la plus 2a (lanes 5 to 
6), relative to the level of DNA-directed transcription in the absence of 
la and 2a (lanes 1 and 2). 



UFA supplementation (lanes 3 to 4). Thus, la-induced stimu- 
lation of RNA3 accumulation was also not inhibited by the 
olelw mutation. Nevertheless, RNA3 replication and sub- 
genomic mRNA synthesis in olelw/ yeast remained strongly 
dependent on UFAs (lanes 5 to 6). 

Unexpectedly, the ole I w-dcpcndcni inhibition of RNA3 rep- 
lication in lane 5 revealed that less positive-strand RNA3 ac- 
cumulated in the presence of la and 2a than with la alone 
(lanes 3 to 4). Further results below (Fig. 7) show that, when 
RNA3 replication is inhibited by a c/5-acting mutation, this 
2a-induced decrease in RNA3 accumulation occurs even when 
the olelw mutant phenotype is suppressed by UFA supplemen- 
tation. Thus, 2a interference with la stabilization of RNA3 
appears to be a normal feature of la and 2a interaction. Since 
2a protein interacts directly with la (25) and since 2a mRNA 
is derived from BMV RNA2, another RNA replication tem- 
plate, either 2a or its mRNA, might competitively inhibit 
RNA3 interaction with la. 

Inhibition of negative-strand RNA3 synthesis in olelw/ 
yeast. The negative-strand RNA3 synthesis pathway in yeast is 
not saturated by DNA-transcribed positive-strand RNA3 tem- 
plates, so that negative-strand RNA3 accumulation is stimu- 
lated by RNA-dependenl amplification of positive-strand 
RN A3 templates (22). Consequently, due to the cyclical nature 
of wt RNA3 replication (Fig. lA), the reduced negative-strand 
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FIG, 7. Inhibition of negative-strand RNA3 synthesis in olelw/ 
yeast. (A) Schematic of B3{5'GAL, CP^') and its parent B3CP'', indi- 
cating c7j-acting elements required for template recruitment (RE), 
negative-strand initiation, and positive-strand initiation. B3(5'GAL, 
CP^"") was constructed by replacing the complete viral 5' NCR of 
B3CP^' with the 5' NCR of yeast GALJ mRNA. (B) Northern blot 
analysis of positive-strand RNA3 accumulation in wt and olelw/ yeast 
expressing the indicated BMV components. Yeast cells were grown, 
and the amount of positive-strand RNA3 in each sample was analyzed 
as described for Fig. 5. (C) Northern blot analysis of negative-strand 
RNA3 accumulation in wt and olelw/ yeast expressing la, 2a, and 
B3{5' GAL, CP^^). The histogram shows averages and standard devia- 
tions for negative-strand RNA3 accumulation, normalized to that in wt 
yeast, from three experiments. 



accumulation in olelw/ yeast (Fig. 5) is consistent either with 
direct inhibition of negative-strand synthesis or with a primary 
defect in positive-strand synthesis, reducing the templates 
available for negative-strand synthesis. 
To block RNA-dependent positive-strand RNA synthesis 
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and lest negative-strand RNA synthesis directly, the wt BMV 
5' noncoding region (NCR) of B3CP^'' was replaced with the 5' 
NCR of the yeast GAL] mRNA in an expression plasmid 
designated S3(5'GAU C?^') (Fig. 7A). The resulting B3{5'GAL, 
CP*^^) transcript retained the RE region and, like wt RNA3, 
showed a strong la-dependent increase in accumulation (Fig. 
7B, lanes 1 to 4). Moreover, as expected. B3(5'GAL, CP^') 
directed UFA-dependeni subgenomic mRNA synthesis (Fig. 
78, lane 6). However, even in UFA-supplemented yeast, co- 
expression of la and 2a did not produce the dramatic further 
increase in positive-strand RNA3 accumulation seen for 
B3CP*^ and wt .RNA3 (Fig. 7B, lanes 5 to 6). Rather, with or 
without UFA supplementation, positive-strand RNA3 accu- 
mulation in the presence of la and 2a was less than with la 
alone (Fig. 7B, lanes 3 to 6). Thus, 33(5' GAL, CF^') RNA3 
supported little or no BMV-directed positive-strand RNA3 
synthesis, confirming prior results that the wt RNA3 5' NCR 
contains signals required for positive-strand synthesis (22). 

Thus, for B3(5'GAL, CP^^), the only templates for negative- 
strand RNA3 synthesis were provided by G/IL 7 -promoted 
DNA transcription, which was unaffected by the olelw/ muta- 
tion (Fig. 7B, lanes 1 to 2). Accordingly, in wt yeast (2) and in 
UFA-supplemented olelw/ yeast (Fig. 7C and data not 
shown), the 5' GAL substitution reduced negative-strand 
RNA3 accumulation to 15% of that of replicating wt RNA3. 
More importantly, in unsupplemented olelw/ yeast, negative- 
strand RNA accumulation for B3(5' GAL, C?^^) was reduced 
a further 10-fold relative to that from the same template in wt 
yeast or UFA-supplemented olelw/ yeast (Fig. 7C). Thus, in 
unsupplemented olelw/ yeast, BMV RNA replication was in- 
hibited at or before negative-strand RNA3 synthesis. 

DISCUSSION 

The studies presented here show that BMV RNA replica- 
tion in yeast is severely inhibited by mutation of OLEl, an 
essential yeast gene encoding the A9 fatty acid desaturase 
required for unsaturated fatty acids synthesis. UFA supple- 
mentation of an engineered del deletion strain showed that 
BMV RNA replication did not require the Olel protein but 
rather required UFA levels well above those required for yeast 
cell growth. These results demonstrate in vivo the functional 
importance of lipids for BMV RNA replication and, as dis- 
cussed below, imply an intimate and potentially dynamic rela- 
tionship between RNA replication factors and the lipid biiayer. 

The RNA replication defect in olelw mutant yeast was 
traced to a narrow interval in early replication. In olelw yeast, 
RNA replication factor la carried out several normal fimc- 
lions. la still became membrane associated and directed the 
membrane association of 2a (Fig. 4C). The 2a-independent 
ability of la to stabilize RNA3 transcripts, a function strongly 
linked to selection of RNA3 templates for replication (12, 46), 
was also unimpaired in olelw/ yeast (Fig. 6). Nevertheless, 
negative-strand RNA3 synthesis was reduced to 10% or less of 
that of the wt (Fig. 7C). Thus, BMV RNA synthesis was in- 
hibited after initial recognition of the positive-strand RNA3 
template but at or before the first phase of RNA synthesis, i.e., 
negative-strand RNA synthesis. While this defect in negative- 
strand synthesis is sufficient to explain the overall reduction in 
BMV RNA replication, the results do not nile out additional 



J. VlROL. 

defects in later steps of positive-strand RNA3 and subgenomic 
mRNA synthesis. For flock house virus, e.g., complete in vitro 
replication of viral RNA and positive-strand synthesis in par- 
ticular depends on glycerophospholipids (48). Also, the cap- 
ping functions of the alphavirus SFV nsPl are activated by 
lipids, with a requirement for anionic head groups (3). While 
BMV may be subject to similar influences from polar head 
groups of membrane lipids, the results presented here show 
that BMV RNA replication is also highly sensitive to the fatty 
acid composition of the lipid biiayer. 

Recently, BMV RNA replication was also found to be in- 
hibited by mutation of the yeast gene LSMl (12). LSMl and 
OLEl show many disparate characteristics and appear to be 
involved in distinct aspects of BMV RNA replication. Unlike 
OLEl, LSMl is dispensable for yeast growth in minimal me- 
dium at 30°C, though it is required at 37**C. The LSMJ-cn- 
coded protein, Lsmlp, is not membrane associated but distrib- 
uted throughout the cytoplasm. Lsmlp is not a biosynthetic 
enzyme but rather is related to RNA splicing factors and im- 
plicated in the metabolism of viral and cellular mRNAs, in- 
cluding the transition of mRNAs from translation to other 
fates such as degradation and replication (5, 12). Accordingly, 
LSMl mutation inhibits la-induced stabilization of RNA3, 
which is unimpaired in olelw/ mutants (Fig. 6). These results, 
isolation of additional BMV-inhibiting yeast mutations, and 
other findings suggest that many if not most steps in viral RNA 
replication depend on distinct host factors (12, 21). 

UFA dependence of RNA replication. Cerulenin, an inhibitor 
of lipid synthesis, inhibits RNA replication by poliovirus and 
the alphavirus SFV (16, 34). While alternate inlerprelaiions 
cannot be ruled out due to cerulenin's ability to inhibit pro- 
cesses other than lipid synthesis (33), this inhibition of RNA 
replication suggests a possible requirement for continued lipid 
and/or membrane synthesis. The inhibition of BMV RNA rep- 
lication in olelw yeast, however, is not due to a general block 
of lipid or membrane synthesis. Olelp is the desaturase that 
converts newly synthesized SFAs to UFAs. When UFA levels 
in yeast are limited by olel mutations, membrane synthesis 
proceeds at normal rates but the UFA/SFA ratio in membrane 
phospholipids drops (44). Moreover, our experiments showed 
that olelw yeast cells had a normal growth rate and size, and 
this did not change when the cells expressed la, 2a, and RNA3. 

The UFA/SFA ratio affects many membrane-associated 
functions because of its strong effect on membrane fluidity and 
other physical properties (14, 42). wt BMV RNA replication 
required approximately five times more UFA supplementation 
than did normal growth of mutant yeast (Fig. 3), suggesting 
that optimal assembly or function of the RNA replication 
complex requires a highly fluid membrane. After membrane 
association, rapid diffusion might be required for la, 2a, or 
another replication factor to locate a required interaction part- 
ner before being trapped in a competing nonproductive inter- 
action. During replication, rotation or translation of mem- 
brane-associated RNA replication factors might be required 
for RNA unwinding, translocation along RNA templates, or 
necessary cyclical alterations in protein-protein interactions. 

In addition to kinetic effects, reduced UFA levels may also 
impede BMV RNA synthesis by perturbing the form or stabil- 
ity of replication factor interactions. Under conditions of re- 
duced UFA levels, increased lipid packing density and mem- 
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brane microviscosity tend to displace membrane-associated 
proteins farther into the aqueous phase, altering their potential 
for interacting with other factors and the position of such 
interactions relative to the membrane (8, 42). Since introduc- 
ing a cis double bond shifts lipids from a cylindrical to a more 
cone-shaped profile, UFAs also influence membrane curvature 
and flexibility (40). Modulating any of these parameters may 
impede the functional interaction of la, 2a, viral RNA, or host 
components with each other. Since the olelw mutation did not 
inhibit la association with membrane or la-directed mem- 
brane association of 2a (Fig. 4C), the required interaction of 
the N-terminal 120 amino acids of 2a with the la C-terminal 
helicase-like domain (7) was not affected in olelw yeast. How- 
ever, other la-2a interactions required for later RNA replica- 
tion steps may be perturbed. For example, BMV RNA repli- 
cation also depends on an independent interaction between la 
and the central 2a polymerase domain (43). 

While negative-strand RNA synthesis was strongly depen- 
dent on UFAs in vivo, a preformed, template-dependent neg- 
ative-strand RNA synthesis activity can be solubilized from 
membranes of BMV-infected plant cells or yeast expressing la, 
2a, and RNA3 (35). Thus, the UFA requirement may lie in 
assembly of a functional RNA synthesis complex. Alterna- 
tively, in vivo UFA dependence and membrane association of 
negative-strand RNA synthesis may relate to functions missing 
from the solubilized, in vitro negative-strand synthesis activity. 
Anomalous characteristics of the in vitro system include low 
efficiency of template usage (<0.1% of added template) and a 
lack of response to the intercistronic replication enhancer, 
which in vivo directs la-dependent RNA3 stabilization and 
stimulates negative-strand RNA3 synthesis and RNA3 replica- 
tion approximately lCX)-fold (35, 46). 

While unsaturated oleic and/or palmitoleic acids were re- 
quired for BMV RNA replication, oleic acid disrupts poliovi- 
rus RNA replication in HeLa cells (15) or HeLa cell extracts 
(31). These results may be related to more complex effects of 
oleic acid on HeLa cells. Supplementing olel mutant yeast with 
oleic acid, palmitoleic acid, or other UFAs yields a direct 
increase in membrane glycerophospholipids containing these 
UFAs (44). However, treating of HeLa cells with oleic acid 
resulted in major changes in the synthesis of many lipids, in- 
cluding dramatic increases in the synthesis of cholesterol and 
other neutral lipids, a reduced phosphatidylserine/phosphati- 
dylcholine ratio, and other changes (15). Similarly, in HeLa 
cell extracts, oleic acid inhibited in vitro translation as well as 
poliovirus RNA replication (31). 

In conclusion, we find that BMV RNA replication is strongly 
dependent on UFA levels in vivo. When UFAs were limited, 
ER-associated RNA replication was blocked after la and 2a 
membrane association and RNA3 template recognition and 
stabilization but before negative-strand RNA synthesis. The 
ability to use the oklw mutation to block RNA replication at 
this stage should help to elucidate the early events in initiation 
of RNA synthesis. Dependence of BMV RNA replication on 
UFA levels in particular implies a requirement for host mem- 
brane fluidity, suggesting that the membrane is not just a static 
anchoring site for RNA replication complexes. Accordingly, 
further study of olelw yeast should help to illuminate the 
nature and function of membrane association in RNA replica- 
lion in positive-strand RNA viruses. 



Since membrane-associated RNA replication appears to be 
a universal feature of positive-strand RNA viruses of eu- 
karyotes, the replication of other viruses in this class may also 
be dependent on the fatty acid compositions of membrane 
lipids. Thus, while different host cells and viruses may function 
optimally over different lipid composition ranges, the finding 
that BMV RNA replication is much more sensitive than nor- 
mal yeast cell growth to reduced levels of UFAs suggests that 
genetic or pharmacological approaches to modulate the lipid 
composition of host membranes may provide useful antiviral 
strategies. 
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Multifunctional RNA replication protein la of brome mosaic virus (BIVTV), a positive-strand RNA virus, 
localizes to the cytoplasmic face of endoplasmic reticulum (ER) membranes and induces £R lumenal spherules 
in which viral RNA synthesis occurs. We previously showed that BMV RNA replication in yeast is severely 
inhibited prior to negative-strand RNA synthesis by a single-amino-acid substitution in the olelw allele of yeast 
A9 fatty acid (FA) desaturase, which converts saturated FAs (SFAs) to unsaturated FAs (UFAs). Here we 
further define the relationships between la, membrane lipid composition, and RNA synthesis. We show that la 
expression increases total membrane lipids in wild-type (wt) yeast by 25 to 33%, consistent with recent results 
indicating that the numerous la-induced spherules are enveloped by invaginations of the outer ER membrane, 
la did not alter total membrane lipid composition in wt or olelw yeast, but the olelw mutation selectively 
depleted 18-carbon, monounsaturated (18:1) FA chains and increased 16:0 SFA chains, reducing the UFA-to- 
SFA ratio from --2.5 to —1.5. Thus, olelw inhibition of RNA replication was correlated with decreased levels 
of UFA, membrane fluidity, and plasticity. The olelw mutation did not alter la-induced membrane synthesis, 
la localization to the perinuclear ER, or colocalization of BMV 2a polymerase, nor did it block spherule 
formation. Moreover, BMV RNA replication templates were still recovered from cell lysates in a la-induced, 
la- and membrane-associated, and nuclease-resistant but detergent-susceptible state consistent with spher- 
ules. However, unlike nearby ER membranes, the membranes surrounding spherules in olelw cells were not 
distinctively stained with osmium tetroxide, which interacts specifically with UFA double bonds. Thus, in olelw 
cells, spherule-associated membranes were locally depleted in UFAs. This localized UFA depletion helps to 
explain why BMV RNA replication is more sensitive than cell growth to reduced UFA levels. The results imply . 
that la preferentially interacts with one or more types of membrane lipids. 



The RNA replication complexes of all well-studied, eukary- 
otic positive-strand RNA viruses are found on intracellular 
membranes. In association with RNA replication, infection by 
such viruses often induces proliferation, vesiculation, and 
sometimes redistribution of specific intracellular membranes 
(6, 10, 1 1 , 20, 22, 23, 25, 32, 35, 36, 39, 40, 42). RNA replication 
by poliovirus, Semliki Forest virus, and cowpea mosaic virus is 
sensitive to cerulenin, a lipid synthesis inhibitor, implying a 
requirement for lipid and/or membrane synthesis (5, 12, 30). 
Brefeldin A, an inhibitor of secretory vesicle formation, blocks 
RNA replication by poliovirus and rhinovirus (24). Further- 
more, in vitro studies show that some steps of positive-strand 
RNA virus RNA replication are sensitive to membrane-dis- 
rupting, nonionic detergents or are activated by added mem- 
brane lipids (3, 44, 47). Nevertheless, present knowledge of the 
contributions of membranes to the assembly and function of 
viral RNA replication complexes is very limited. 

One positive-strand RNA virus for which membrane associ- 
ation of RNA replication has been studied is brome mosaic 
virus (BMV), a representative member of the alphavirus-like 
superfamily of human, animal, and plant viruses (I). BMV has 
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three genomic RNAs. RNAl and RNA2 encode proteins la 
and 2a, respectively, which are the only viral proteins required 
for RNA replication, la contains an N-terminal domain with 
m^G methyltransferase and putative guanylyltransferase activ- 
ities required for capping viral RNA and a G-terminal RNA 
helicase-like domain (2). 2a contains a central polymerase do- 
main and an N-termina! domain that interacts with the la 
helicase domain (17). RNAS encodes a cell-to-cell movement 
protein (3a) and the coat protein. The 3'-proximal coat protein 
gene is not translatable from RNAS but only from a sub- 
genomic mRNA, RNA4, synthesized from negative-strand 
RNAS (26). 

BMV replicates its genomic RNAs and synthesizes sub- 
genomic mRNA in the budding yeast Saccharomyces cerevisiae 
(16), duplicating the known features of BMV RNA replication 
in its natural host plant cells, la localizes to the outer nuclear 
envelope or perinuclear endoplasmic reticulum (ER) mem- 
brane and induces this membrane to invaginate into the ER 
lumen, forming 50- to 70-nm diameter spherular vesicles or 
spherules (9, SS, 39). la also directs 2a polymerase and viral 
RNA templates to these spherules, which become the sites of 
viral RNA synthesis (7, 33, 39, 43). The interior of these spher- 
ules remains connected to the cytoplasm via a membranous 
neck contiguous with the ER membrane. Similar membrane 
spherules are associated with RNA replication by other mem- 
bers of the alphavirus superfamily, nodaviruses, and other pos- 
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itive-strand viruses (references 25 and 39 and references 
therein). The structure, assembly, and function of BMV spher- 
ules have multiple similarities to the replicative cores of ret- 
rovirus and double-stranded RNA virus virions (39). 

We previously reported the isolation of a yeast mutant that 
inhibits BMV RNA replication approximately 50-fold due to a 
mutation in the essential yeast gene OLEl (21). OLE] encodes 
A9 fatty acid (FA) desaturase (Olelp), an integral ER mem- 
brane protein and the only enzyme for unsaturated FA (UFA) 
synthesis in yeast (29). Olelp converts saturated palmitic acid 
(having C^6 FA chains with no double bonds; hereafter 16:0) 
and stearic acid (18:0) into unsaturated palmitoleic (16:1) and 
oleic (18:1) acids. The BMV-inhibiting allele oleJw has a single 
amino acid substitution (¥3,2 to C) in the predicted catalytic 
domain of Olelp. This mutation blocks BMV RNA replication 
prior to negative-strand RNA synthesis but does not inhibit 
cell growth in the absence or presence of BMV components. 
OLE! deletion and medium supplementation experiments 
showed that all effects of the olelw mutation on BMV repli- 
cation are due to reduced UFA levels; i.e., BMV RNA reph- 
cation depends on UFAs but not directly on Olelp. The results 
show that BMV RNA replication is highly sensitive to mem- 
brane lipid composition and that manipulation of lipid com- 
position by pharmacological as well as genetic approaches may 
be a useful antiviral strategy. 

To better understand the effects of the oleJw mutation and 
to obtain further insights into the roles of membranes in RNA 
replication, we combined biochemical, confocal fluorescence, 
and electron microscopy (EM) analyses to study membrane 
lipid composition and la-membrane, la-2a, and la-RNA in- 
teractions involved in forming the functional RNA replication 
complex. Here we show that BMV replication protein la stim- 
ulates membrane lipid accumulation in the absence of other 
viral components, that the olelw mutation blocked RNA rep- 
lication despite allowing all known la functions in replication 
complex formation, and that olelw not only globally reduced 
the cellular UFA-to-SFA ratio but preferentially depleted os- 
mium-reactive UFA levels in la-associated perinuclear ER 
membranes. 



MATERIALS AND METHODS 

Veasl and plasmids. Yea.st strain YPH500 (MAT ura3-52 lyslSOl ade2-Wl 
tyrJ-63 his3-200 leitl-}) and its isogenic olelw derivative (2!), bearing a single 
Y2,2-lo-C mutation in OLE!, were used throughout. Centromeric plasmids 
pBlVT3H, pB2YT5. and pB2YT5-G2 were used lo express BMV la, 2a, and 
2a-green fluoresceni protein (GFP). respectively (7, 21). RNA3 was expressed 
from pB3CPfs, a centromeric plasmid with the TRPI marker (21). scc63p-GFP 
was expressed from pJK59, kindly provided by J. A. Kahanab and P. Silver 
(Department of Biological Chemistry and Molecular Pharmacology. Harvard 
Medical School).' Plasmid transformation and yea.st cultivation were performed 
as described earlier (21). 

FA analysi.s. Total FA from 10 optical densities at 600 nm (OD^ioo) of yeast 
were extracted and were converted 10 methyl esters as described earlier (27). FA 
.species were .separated according to chain length and degree of saturation by 
ga.s-liquid chromatography and were identified by retention time. The molar 
amount of each species was measured by using a flame ionization detector (27). 

Cell fractionation and RNase sensitivity assays. Yeast cells were treated with 
lyticase to remove the cell wall as described earlier (39). The resulting sphero- 
plasts were lysed in YLB buffer (50 mM Tris-CI [pH 8.0), 2.5 mM EDTA. 1 mM 
phenylmeihylsulfonyl fluoride, 5 ^tgof pepstatin/ml, 10 jjig of leupept in/ml, 10 p.g 
of aprotinin/ml, and 10 mM benzamidine) and were centrifuged 5 min at 20,000 
X 5 to yield membrane-enriched pellet and membrane-depleted supernatant 
fractions. To assay the RNa.se sensitivity of RNA3 in the pellet fractions, mem- 



brane pellets were resuspended in YLB and were divided into three portions. 
Portions A and B received no initial treatment, while portion C was treated with 
0.5% NP-40 for 15 min at 4°C. Portions B and C then were treated with 0.01 U 
of micrococcal nuclea.se/jil for 15 min at 30°C (39). RNA was extracted from 
each fraction and were analyzed by Northern blotting as described earlier (21 ). 

Confocal microscopy. A Bio-Rad 1024 double-channel confocal microscope 
(at the W. M. Keck Laboratory for Biological Imaging of the University of 
Wisconsin — Madison) was used to visualize and compare the intracellular .sites 
of accumulation of la protein, 2a protein, and sec63p. To delect la protein, yeast 
cells were fi.xed with formaldehyde, permeabilized with Triton X-lOO, and im- 
munostained with rabbit anti- la serum followed by donkey anti-rabbit antibodies 
conjugated to Texas red as described previously (33). GFP-2a and sec63p-CjFP 
were visualized by their intrinsic fluorescence. GFP was fused to the N terminus 
of 2a (7) and C terminus of sec63p (J. Kahanab and P. Silver, unpublished 
result.s). GFP fusion did not interfere with the normal localization and function 
of 2a or sec63p-GFP in yeast. Images of the intracellular distribution of la (red) 
and 2a (green) or .sec63p (green) within the same optical section (0.5 |xm) were 
acquired sequentially and were digitally superimposed to compare the two di.s- 
tributions. To ensure the reproducibility of the results, each experiment was 
performed several times, and in each experiment hundreds of cells were exam- 
ined. Representative results are shown in the figures. TheelFeciive resolution of 
the images is about 100 to 200 nm. 

EM. For the experiment whose results are shown in Fig. 5, yeast cells were 
fixed in 4% paraformaldehyde and 2% glutaraldehyde. postfixed with 1% os- 
mium tetroxide and 1% potassium ferricyanide, stained with 1% uranyl acetate, 
dehydrated in a graded series of ethanol soluiion.s, and embedded in Spurr's 
resin (Electron Microscopy Sciences, Ft. Washington. Pa.) as described earlier 
(39). Seventy-nanometer .sections were cut and placed on copper grids, post- 
stained with 8% uranyl acetate in 50% methanol and Reynold's lead citrate, and 
analyzed with a Philips CM 120 transmission electron micro.scope at the Medical 
School Electron Microscope Facility of the University of Wisconsin. For immu- 
nogold EM experiments (see Fig. 6), yeast cells were similarly fixed except that 
the preembedding osmium tetroxide and uranyl acetate steps were omitted, 
.samples were embedded in LR White resin (Polysciences, Inc., Warrington, Pa.) 
and sections were placed on nickel grids. Grids were blocked with 0.5% gelatin, 
immunostained with anti^la rabbit serum and 12-nm gold'labeled secondary 
antibodie.s, poststained, and analyzed by transmission EM as described above. 



RESULTS 

olelw mutation but not la expression alters yeast FA com- 
position. Our prior results suggested that the olelw mutation 
inhibited BMV RNA replication by reducing UFA levels (21). 
To verify this directly, to define the specific lipid species af- 
fected, and to determine the magnitude of the effects, we 
determined the FA composition of wt and isogenic olelw yeast. 
In addition, because our earlier results suggested interrelation- 
ships between la, OLEl desaturase activity, and BMV RNA 
replication (21), we analyzed wt and olelw yeast lacking or 
expressing la to determine if la expression inlluenced the FA 
composition of membrane lipids. To determine FA levels and 
composition, total cellular FAs were extracted from yeast, con- 
verted to methyl esters, and fractionated by chain length and 
degree of saturation by using gas-liquid chromatography. Each 
species was identified by its retention time during chromatog- 
raphy and its molar amount was measured by using a flame 
ionization detector. 

In 5. cerevisiae, palmitic acid (16:0), stearic acid (18:0), 
palmitoleic acid (16:1), and oleic acid (18:1) comprise well over 
90% of total FA (14). As shown in Fig. lA, comparing these 
major FA species revealed that the olelw mutation had little 
effect on 16:1 or 18:0 levels but caused an approximately 25% 
drop in 18:1 and an ^50% rise in 16:0. The selective decrease 
in 18:1 but not 16:1 FA levels suggests that theo/e/w mutation 
preferentially inhibits action of the encoded desaturase on 18:0 
substrates. Similar differential effects of mutations on desatu- 
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FIG. 1. Effect of BMV la expression and the yeast olelw mutation 
on total accumulation and composition of yeast FAs. wt yeast and 
mutant yeast were grown in defined, galactose-containing medium to 
mid-log phase. Total FA was extracted, converted to methyl esters, and 
separated by chain length and degree of saturation by using gas-liquid 
chromatography. The molar amount of 16:0, 16:1, 18:0, and 18:1 FA 
was measured by using a flame ionization detector and was normalized 
to the ODftfin each yeast culture. (A) Relative levels of 16:0, 16:1, 
18:0, and 18:1 FA in each sample, as a molar percentage of total FA. 
Yeast genotype (wt or olelw) and the presence or absence of la (- or 
+) are indicated at the bottom for each sample. Total FA is the sum 
of 16:0, 16:1, 18:0, and 18:1 in each sample. (B) Ratio of total UFA 
(16:1 + 18:1) to SFA (16:0 + 18:0). (C) Total FA per cell, shown as a 
percentage of the total FA per cell of wt yeast lacking la. Each 
histogram shows the averages and standard deviations of four experi- 
ments. 



rase specificity for 16:0 and 18:0 substrates have been reported 
before (46). The associated increase of 16:0 levels may be a 
secondary consequence of inhibiting 18:1 synthesis, since 16:0 
is a substrate for synthesizing 18:0 and thus 18:1. 

On first inspection of these results, it appeared surprising 
that the olelw mutation induces such a severe, UFA-suppress- 
ible inhibition of BMV RNA replication, since the level of the 
major UFA species, 16:1, was nearly wild type (wt) and since 
the less abundant UFA 18:1 was reduced by only -25%. How- 



TABLE I. la expression and 0/^/^ mutation had no effect on the 



sizes of yeast cells 



Yeast 


Avg size ((im^)" 




18.4 4.8 




17.5 4.5 






nlfifw + la 


IQO + SO 





"Yea.st was visualized with a light microscope; well-focu.scd images were 
recorded digitally. The size of each cell in each image was measured as a 
one-dimensional area with the IPLab Spectrum program. For each sample, 
average and standard deviation of 150 to 300 cells are shown. 



ever, due to the simultaneous increase in 16:0, the ratio of total 
UFA to SFA, which strongly influences membrane fluidity and 
plasticity, was reduced from approximately 2.5 in wt yeast to 
1.5 in olelw yeast (Fig. IB). Moreover, further results below 
imply that variations in local as well as total FA composition 
may be important in the effects of the olelw mutation on BMV 
RNA replication complexes. 

In contrast to the effects of the olelw mutation, expression of 
la had little or no effect on FA composition in either wt or 
olelw yeast (Fig. lA and B). Thus, la did not directly or 
indirectly regulate the activity of the OLJE"/ -encoded A9 FA 
desaturase. 

la expression increases yeast FA levels. To compare total 
FA leviels per cell, the molar amounts of various FA for each 
culture were summed, normalized to the OD^^h, of the culture, 
and expressed as a percentage of the total FA value for wt 
yeast lacking la (Fig. IC). To determine whether any differ- 
ences in total FA content might relate to olelw- or la-induced 
changes in cell size and whether OD^oo accurately reflected cell 
density, we examined samples of each culture by light micros- 
copy. In addition to visual examination, the cross-sectional 
areas of 150 to 300 cells from each culture were measured 
digitally (IPLab Spectrum program; Scanalytics, Inc. Fairfax, 
Va.). As shown in Table 1, there were no significant differences 
in cell size for wt or olelw yeast with or without la. 

Figure IC shows that la expression increased total FA levels 
per cell by 25% in wt yeast. Since over 95% of all FA in yeast 
exist as fatty acyl chains of membrane lipids, total FA levels 
reflect yeast membrane content (31) and the la-induced in- 
crease in FA must represent an increase In membrane content. 
Furthermore, since la did not increase cell size (Table 1) and 
hence did not increase plasma membrane area, this change 
must reflect an increase in intracellular membranes. This is 
consistent with and confirms recent EM results showing that 
the numerous, ER lumenal, spherular replication complexes 
induced by la are formed in and enveloped by invaginations of 
the outer ER membrane, considerably increasing the surface 
area of the outer ER membrane (39). 

In the absence of la, the olelw mutation reduced total FA 
per cell by 16% relative to wt yeast (Fig. IC). The basis for this 
reduction is not yet clear. It appeared tempting to speculate 
that total membrane synthesis in olelw mutant yeast might be 
limited by the mutant's reduced capacity for UFA synthesis 
and the need to maintain the UFA-to-SFA ratio within viable 
limits of membrane fluidity. However, in olelw yeast, la ex- 
pression increased total FA accumulation by 33% (Fig. IC). 
The size of this la-induced increase in total FA levels, which 
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FIG. 2. olelw yeast supports normal localization of BMV la protein to ER membranes, wt yeast and oklw mutant yeast expressing la and a 
fusion protein linking GFP to sec63p, an integral ER membrane protein, were fixed with formaldehyde, spheroplasted, permeabilized with Triton 
X-lOU, and immunostained with rabbit anti-la antiserum followed by secondary antibodies conjugated to Texas red; sec63p-GFP was visualized 
by its intrinsic fluorescence. The intracellular distributions of sec63p-GFP (top row, green) and la (middle row, red) were sequentially imaged in 
the same 0.5-ji.m optical section by confocal microscopy and were digitally superimposed for further comparison (bottom row). Representative 
images are shown. (A) wt yeast. (B) olelw yeast. Shown are la and sec63p-GFP distributions representative of >95% of the cells. (C) olelw yeast. 
Shown are la and sec63p-GFP distributions seen in a small percentage of the cells. 




was even greater than that for wt yeast in both relative and 
absolute terms, implied that the t?/e7iv mutation did not inhibit 
BMV RNA replication by preventing la-induced synthesis of 
additional membrane to support formation of the membrane- 
enveloped spherular replication complexes. 

Reduced UFA levels do not alter ER localization of la. In wt 
yeast and in BMV's natural plant host cells, la localizes to ER 
membranes (33, 34). In lysates of olelw yeast, we previously 
found that la cofractionates with total cellular membranes 
(21). Thus, the olelw mutation does not prevent membrane 
association of la. To determine whether la localized to its 
normal ER membrane sites in olelw yeast, we used confocal 
microscopy to compare the intracellular distributions of la and 
a yeast ER marker, sec63p, in wt and olelw yeast. In over 95% 
of olelw cells (Fig. 28), l a colocalized with sec63p in a pattern 
indistinguishable from that of la in wt yeast (Fig. 2A). In both 
cases, la colocalized with sec63p on perinuclear ER mem- 
branes and, to a lesser degree, on peripheral ER membrane 
strands, which in yeast are frequently appressed to the outer 
edge of the cell. 

Interestingly, a small fraction of olelw yeast cells, comprising 
only a small percentage of the total, showed a different pattern 
of la localization (Fig. 2C). In these cells, la was not found in 
a normal ER pattern but rather localized to relatively large, 
amorphous bodies, usually directly adjacent to the nucleus. In 
the same cells, sec63p was found in its normal perinuclear and 
peripheral ER patterns, but, in addition, a fraction of sec63p 
colocalized with la in the amorphous bodies. Since la self 
interacts (28), such structures may represent aggregations of 



ER membrane-associated la, possibly triggered by high levels 
of la expression since la signals in such cells were often un- 
usually bright. Similar la-associated amorphous bodies were 
not found in wt yeast expressing la. 

Reduced UFA levels do not alter la-induced ER colocaliza- 
tion of 2a. In olelw yeast, the la functions tested in Fig. 2 and 
in prior work (21) appeared normal, but viral positive-strand, 
negative-strand, and subgenomic RNA synthesis was blocked 
(21). Since viral RNA synthesis requires not only la but also 
BMV 2a polymerase, the possible effects of the olelw mutation 
on 2a, its interactions with la, or its interactions with cellular 
components were of particular interest. 

When expressed without la in wt yeast, BMV 2a polymerase 
has been found distributed throughout cells (7). However, in 
the presence of la, an N-terminal segment of 2a interacts with 
the helicase-like region of la and colocalizes on ER mem- 
branes (7). We showed previously that, in olelw yeast express- 
ing la and 2a, 2a cofractionates with total cell membranes (21). 
To determine whether 2a colocalized normally with la to ER 
membranes in olelw yeast, or if 2a might alter the distribution 
of la in such cells, we used confocal microscopy to compare the 
intracellular distributions of la and 2a. Because 2a normally 
accumulates to low levels relative to la and gives fainter signals 
by immunofluorescence, these experiments used a previously 
studied, functional GFP-2a fusion that supports BMV RNA 
replication (7). In the absence of la, this GFP-2a was distrib- 
uted throughout the cell in wt and olelw yeast (reference 7 and 
results not shown). When la and GFP-2a were coexpressed in 
olelw yeast, they were found colocalized in ER-associated pat- 
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FIG. 3. ohlw yeast supports normal, la<induced localization of 
BMV 2a protein to ER membranes, wt yeast (A) and olelw yeast 
(B) expressing BMV la and a 2a-GFP fusion protein were processed 
as described in the Fig. 2 legend, la (top row, red) was visualized by 
indirect immunolluorescence, 2a-GFP (middle row, green) was visu- 
alized by intrinsic fluorescence, and the images were digitally super- 
imposed for fulher comparison (bottom row). Representative images 
are shown. 



terns indistinguishable from those in wt yeast (Fig. 3). In both 
wt and olelw yeast, as observed previously, la and 2a signals 
were particularly strong on perinuclear ER but also extended 
to peripheral ER strands. Therefore, reduced UFA levels did 
not detectably perturb la-directed 2a localization to the ER, 
nor did they cause 2a to alter the intracellular distribution of 
la. As in Fig. 2C, a small percentage of o/e/w yeast cells 
showed la and 2a colocalization in relatively large, amorphous 
bodies (results not shown). 

Reduced UFA levels do not inhibit recovery of BMV RNAs in 
a la-induced, membrane-associated, nuclease-resistant state. 
In wt yeast in the absence of 2a polymerase, la acts through 
specific m-acting RNA signals to dramatically increase the 
stability and thus the accumulation of BMV genomic RNAs 
(15, 43). In oklw yeast, this la-induced stimulation of BMV 
RNA accumulation proceeds to wt levels (21). Recent findings 
show that, in wt yeast, this increased stability results from 
la-mediated recruitment of BMV RNA replication templates 
into a novel, membrane-associated, protected compartment 
(39). Multiple results imply that this compartment corresponds 
to the interior of the la-induced, membrane-enveloped spher- 
ules. In lysates of wt yeast, la-stabilized BMV RNA copurifies 
with spherule-bearing, perinuclear ER membranes in a la- 
dependent, nuclease-resistant, nonionic detergent-disruptible 
state (39). Moreover, nascent BMV RNA replication products 
cofractionate in an indistinguishable membrane-associated, 
nuclease-resistant state and are localized to the interior of 
spherules by in vivo BrUTP labeling and immunogold EM 
(39). 

To determine if the oklw mutation and associated changes 
in membrane lipid composition affected the formation, stabil- 
ity, or membrane association of this protected RNA pool, we 
tested lysates of wt and oklw yeast expressing la and BMV 
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FIG. 4. o/c7>v yeast supports normal, la-induced transfer of BMV 
RNA3 to a membrane-associated, nuclease-resistant stale. {A) Mem- 
brane association of RNA3. wt yeast and olelw yeast expressing la and 
RNA3 were spheroplasted and lysed osmotically, and the total lysate 
^(T) was fractionated by centrifugation (5 min at 20,000 X ^ into a 
membrane-depleted supernatant (S) and a membrane-enriched pellet 
(P). RNA3 levels in each fraction were analyzed by Northern blotting, 
(B) Nuclease resistance of RNA3. Northern blot analysis of RNA3 in 
the pellet fraction (P) from panel A after no additional treatment 
(lanes 1 and 4), incubation with 0.01 U of micrococcal nuclease 
( MNase )/|x! for 15 min at 30°C (lanes 2 and 5), or incubation with 0.5% 
NP-40 for 15 min at (fC followed by micrococcal nuclease (lanes 3 and 
6). 



RNAS, la-dependent membrane association of RNA3 can be 
assayed by fractionating such lysates into a membrane-en- 
riched pellet and a membrane-depleted supernatant (39). As 
shown in Fig. 4A, the degree of la-induced membrane associ- 
ation of RNA3 in oklw yeast was as. high as that in wt yeast. 
Moreover, as shown in Fig. 4B, the membrane-associated 
RNA3 from oklw and wt yeast was equally protected from 
micrococcal nuclease but was equally susceptible to nonionic 
detergent NP-40 plus micrococcal nuclease. Thus, the oklw 
mutation did not detectably alter la-dependent membrane as- 
sociation, nuclease protection, or nonionic detergent suscepti- 
bility of RNA3. 

oklw mutation preferentially alters spherule membranes. 
As noted above, expressing la alone in wt yeast induces in- 
vaginations of the outer, perinuclear ER (nuclear envelope) 
membrane to form spherular compartments associated with 
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FIG. 5. Yeast olelw mutation preferentially alters the membranes bounding la-induced spherules. Representative electron micrographs of wi 
yeast (panels A and C) and olelw mutant yeast (panels B and D) expressing la are shown. Panels C and D show enlarged portions of panels A 
and B, respectively, to reveal further details of the spherule membranes. Labels represent nucleoplasm (Nuc), nuclear envelope (NE), cytoplasm 
(Cyto), and la-induced spherules (Sph). Please see Results for further comments. 



BMV RNA protection and replication (39). To determine 
whether the formation or structure of such spherules was af- 
fected in oielw yeast by the decreased UFA-to-SFA ratio and 
its associated changes in membrane fluidity and plasticity, we 
compared the ultrastructure of wt and olelw yeast by EM. 
Following standard practices, yeast cells were fixed for EM 
with glutaraldehyde and paraformaldehyde followed by os- 
mium tetroxide (OSO4). The aldehydes stabilize membranes 
and other protein complexes by cross-linking proteins. OSO4 
fixes and stains membranes by reacting with the double bonds 
of unsaturated lipids at the rate of one per double bond (13). 
The products of this reaction include stable diester linkages 
between unsaturated acyl chains of adjacent membrane lipids 
and OSO2, which is deposited at the hydrophilic sides of the 
lipid bilayer, marking the membrane with two parallel, elec- 
tron-dense lines in high-resolution electron micrographs. 

Figure 5 shows representative electron micrographs of wt 
and olelw yeast expressing la. In wt yeast, the lipid bilayers of 
the inner and outer perinuclear ER membranes and the invag- 
inated spherule membranes were marked by the typical paired 
lines of osmium staining (Fig. 5A and 5C). In olelw yeast (Fig. 
58 and D), most sections of the general, perinuclear ER mem- 
branes also were marked by osmium staining. However, in 
these yeast mutants, the lipid bilayer-associated lines of OsOj 
deposition often were not as distinctive and clear as those in wt 
yeast and occasionally were disrupted by short gaps. These 
results appear consistent with the dependence of osmium 



staining on adjacent UFA chains and the reduced membrane 
UFA levels in these cells. This partial, general decline in mem- 
brane definition was seen in the peripheral ER and other 
membranes in olelw yeast with or without la but was slightly 
more pronounced in the presence of la. 

In addition, even more notable effects of the olelw mutation 
were found in la-expressing yeast in specific subdomains of the 
perinuclear ER membrane (Fig. 5B and D). In olelw cells 
expressing la, portions of the nuclear border were marked by 
50- to 60-nm spherular cores similar to those found in the ER 
lumen of wt yeast expressing la (Fig. 5 A and C). However, in 
the olelw yeast these regions lacked well-defined osmium 
staining of either the inner and outer nuclear envelope mem- 
brane or of the spherule-bounding membranes surrounding 
such cores in wt yeast. Immediately flanking regions of the 
nuclear envelope, however, showed visible osmium staining 
(Fig. 58 and D). Thus, reactivity of the nuclear envelope mem- 
brane with the UFA-dependent reagent OSO4 was significantly 
reduced in the immediate vicinity of these cores. 

To determine whether the la-induced, perinuclear, spherule 
core-like structures in olelw yeast were counterparts of spher- 
ule cores in wt yeast, we used immunogold EM with anti-la 
antisera to determine if these structures contained la. As is 
required to preserve la antigenicity, for this analysis yeast was 
fixed only with aldehydes (39). Without OSO4 fixation, mem- 
brane lipids are depleted during later alcohol dehydration 
steps of sample processing for thin sectioning. However, an 
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FIG. 6. BMV la protein is localized to perinuclear spherule cores in both wt and oleJw yeast. Representative electron micrographs of 
immunogold localization of la in wt yeast (A) and olelw mutant yeast (B and C) expressing la are shown. Labels indicate nucleoplasm (Nuc), 
nuclear envelope (NE), and cytoplasm (Cyto). To preserve la antigenicity for immunogold staining, yeast expressing la was fixed by using 
aldehydes without OSO4, causing membranes to appear as white, electron-lucent strips, rather than as osmium-stained black lines in Fig. 5A and 
C. la was visualized by immunostaining thin sections with rabbit anti- la antiserum and secondary antibodies conjugated to 12-nm gold particles. 



outline of the membrane normally is preserved due to alde- 
hyde cross-linking of membrane proteins, which comprise 
about 50% of the total mass of yeast membranes. Conse- 
quently, in the resulting electron micrographs, the aldehyde- 
cross-linked, lipid-depleted membranes generally appear as 
white, electron-lucent strips, rather than as osmium-stained 
black lines. 

In wt yeast, as seen previously (39), la localized primarily to 
the 50- to 70-nm spherical cores that were found between the 
inner and outer perinuclear ER membranes (Fig. 6A). Within 
this ER lumen in vn yeast, these cores usually were separated 
by additional electron-lucent layers that appeared to corre- 
spond to the spherule-bounding membranes seen in Fig. 5A 
and B. In olelw yeast (Fig. 6B and C), la similarly localized 
primarily to the dilated, 50- to 70-nm space between the inner 
and outer nuclear envelopes. However, while close inspection 
of the micrographs revealed that this dilated ER lumen con- 
tained individual spherule cores as in Fig. 58 and D, the sep- 
aration between these cores was less defined than in wt yeast. 
Thus, in contrast to Fig. 5, this osmium-independent process- 
ing allowed visualization of the expected inner and outer nu- 
clear membranes bordering the la-induced spherule cores in 
olelw yeast but further illustrated that the membranes flanking 
spherules in olelw yeast differed in structure, composition, or 
both from those in wt yeast. 

DISCUSSION 

In this study, we further explored the relationships among 
BMV replication protein la, membrane lipid synthesis and 
composition, and viral RNA replication. We found that la 
expression markedly increased membrane lipid accumulation 



per cell, in parallel with la induction of numerous, la-contain- 
ing, intralumenal ER membrane invaginations (Fig. 5 and 6) 
that constitute the viral RNA replication complex (39). 
Though fully rescuable by UFA feeding and therefore due to 
reduced UFA levels, the strong RNA replication block of the 
olelw mutant allele of A9 FA desaturase was caused by much 
smaller shifts in lipid balance than in previously isolated OLEI 
mutants affecting cellular processes (Fig. 1). Thus, viral RNA 
synthesis was highly sensitive to membrane lipid composition. 
Moreover, although blocked in even the earliest forms of viral 
RNA synthesis, olelw yeast supported all known steps in la 
interaction with pR membranes, BMV 2a polymerase, and 
viral RNA templates for replication complex assembly, includ- 
ing forming la-containing perinuclear spherule cores (Fig. 2 to 
6). However, in olelw yeast, la-associated perinuclear mem- 
branes were locally deficient in reactivity with the UFA-specific 
stain OSO4, implying that la caused local variations in mem- 
brane lipid composition and that the already reduced UFA 
levels in the mutant yeast were preferentially further depleted 
in the vicinity of la. The relation of these results to other viral 
and cellular processes is discussed further below. 

la stimulates membrane lipid accumulation. As noted in 
the introduction, RNA replication by positive-strand RNA vi- 
ruses occurs on intracellular membranes, often in association 
with membrane proliferation and vesiculation that, for some 
viruses, has been shown to be functionally important for RNA 
replication (5, 12, 24, 30), Here we showed that expressing 
BMV RNA replication factor la alone in yeast increased total 
membrane lipid accumulation per cell by 25 to 33% (Fig. IC). 
The absence of any corresponding increase in cell size or 
plasma membrane area (Table 1) shows that this must reflect 



12826 AHLQUIST 



J. Virol. 



an increase in intracellular membranes, consistent with recent 
observations that la induces vesicle-like invaginations that 
greatly increase the area of the affected ER membrane and 
form the compartment in which RNA replication occurs (39). 
Besides the production of these perinuclear ER spherules, la 
expression did not induce any discernible proliferation of in- 
tracellular membranes, la may stimulate lipid synthesis indi- 
rectly, since la accumulation on the ER membrane and pos- 
sible la exclusion of some cell membrane proteins may trigger 
pathways that normally induce lipid synthesis for maintaining 
proper lipid-to-protein ratios in cellular membranes. Alterna- 
tively, we cannot rule out that la directly stimulates lipid syn- 
thesis by interacting with one or more of the ER membrane- 
associated enzymes involved in FA and lipid synthesis. 

Globally and locally altered membrane lipid balance in 
olelw yeast. In oleJw yeast, BM V RNA replication was blocked 
by relatively modest shifts in membrane lipid composition (Fig. 
1), underscoring that viral RNA replication was much more 
dependent on lipid composition than was cell growth. Temper- 
ature-sensitive (ts) mutations that more severely inhibit OLE] 
expression or activity block cell growth and disrupt the mor- 
phology of multiple cellular membranes. When shifted to the 
nonpermissive temperature of ST^C, a yeast strain with ts mu- 
tations in MGA2 and SPT23, encoding transcription factors 
required for OLEl expression, decreased OLEl mRNA by 
15-fold, total UFA levels by 35%, and the UFA-to-SFA ratio 
by 2.5-foId; blocked yeast growth; and caused separation of the 
inner and outer nuclear membranes (48), Shifting mdm2, a ts 
allele of OLEl, to 37°C decreased UFA levels by threefold and 
the UFA-to-SFA ratio by over 10-fold, abolished transfer of 
mitochondria from mother cells to budding daughter cells, and 
caused the remaining mitochondria to fragment (41). Both 
strains were rescued by UFA feeding at nonpermissive tem- 
perature, confirming that their defects were caused by deplet- 
ing UFAs. 

In contrast, the olelw mutation blocked BMV RNA repli- 
cation without detectable defects in yeast growth or morphol- 
ogy, olelw yeast had normal doubling times, normal cell sizes 
(Table 1), and no observable abnormality in the morphology of 
subcellular structures in the presence or absence of BMV com- 
ponents. This lack of cell growth or morphology defects is 
consistent with the finding that wt yeast maintains UFA levels 
well above the minimum required for growth under optimal 
conditions, providing extra membrane fluidity to cope with 
changes in temperature or other environmental conditions (4). 
Moreover, the olelw mutation caused little or no change in the 
levels of total FA or of the more abundant 16:1 UFA and only 
a 25 to 30% decrease in the less abundant 18:1 UFA (Fig. I A 
and C). Overall, total UFA levels decreased by only 12%, and 
the UFA-to-SFA ratio fell by only 40%. 

Nevertheless, the 12% decrease in UFA levels in olelw yeast 
inhibits BMV RNA replication by 95% or more (21). The 
olelw mutation did not inhibit la-induced membrane synthesis 
(Fig. IC), la-induced transfer of viral RNA to a membrane- 
associated, nonionic detergent-susceptible, nuclease-protected 
compartment (Fig. 4), or formation of la-containing, perinu- 
clear membrane-associated spherule cores (Fig. 5 and 6). In 
olelw yeast, the normal la stimulation of membrane synthesis 
(Fig. IC) and lumenal location of la-containing cores (Fig. 5B 
and 6B) suggest that formation of the la-containing spherule 



cores involved ER membrane invagination, as in wt yeast. 
However, as shown in Fig. 5B, osmium staining of the mem- 
branes around the spherule cores was specifically reduced rel- 
ative to flanking sections of the perinuclear ER membranes. 
Since such staining depends on osmium reaction with the dou- 
ble bonds of UFA chains in membrane lipids, this implies that 
the regions of the perinuclear ER membranes containing la 
and la-induced spherules were preferentially depleted in 
UFA-containing lipids. 

Since osmium staining involves diester formation between 
the double bonds of adjacent lipids with UFA chains, the 
localized reduction in staining may not represent complete 
UFA exclusion but only depletion below a threshold at which 
adjacent UFAs become rare. Consistent with this, la-contain- 
ing membranes might have a lower-than-average affinity for 
UFA-containing lipids even in wt yeast, but the reduction in 
their UFA concentration might reach an osmium-discernible 
threshold only when the UFA-to-SFA ratio drops sufliciently 
below wt, as in olelw yeast. 

The ability of la to locally modulate membrane lipid com- 
position is understandable, as la is present on the membrane 
at high local concentration, la is one of the most abundant 
proteins in total nuclear membrane preparations (39), inter- 
acts with itself (28), accumulates in localized patches on ER 
membranes (33, 34), and is present in hundreds of copies per 
spherule (39). 

Any of several mechanisms might contribute to localized 
depletion of osmium-stainable UFA chains from la-contain- 
ing, spherule-associated membranes. For example, self-inter- 
action (28) and multimerization (39) of membrane-associated 
la proteins might create a membrane zone with reduced pro- 
tein and lipid mobility. Since the rigid bends of the cis double 
bonds in UFAs favor a less densely packed, more fluid state, 
UFA-containing lipids might tend to be excluded from this 
relatively static membrane zone into the more fluid surround- 
ing membrane, leaving behind a higher concentration of more 
tightly packing, less fluid, SFA-containing lipids. Alternatively, 
la might selectively interact with and retain SFA-containing 
lipids, so that the high local la concentration would tend to 
exclude UFAs. Finally, la might preferentially interact with 
UFA-containing lipids but in a way that disrupted their ability 
to stain with osmium, la is a peripheral membrane protein on 
the cytoplasmic face of the ER but possesses a membrane 
affinity that is unusually high, for a peripheral membrane pro- 
tein (9). Some peripheral membrane proteins, including cyto- 
chrome c, appear to achieve high-affinity membrane interac- 
tion by using a hydrophobic protein cavity to bind UFAs on 
membrane lipids (18, 45). Such binding requires the UFA to 
extend out of the membrane via rotation around the — C3 
carbon bond of the phospholipid glycerol backbone. Similar 
interaction of la with UFA-containing lipids might sequester 
UFAs out of the lipid bi layer and prevent their effective inter- 
action with OSO4 and other lipids, thus further lowering the 
already reduced membrane UFA levels in olelw yeast and 
leading to the locally poor membrane fixation and staining. 

Blocked RNA replication in olelw yeast. The olelw mutation 
did not inhibit la and 2a colocalization on ER membranes 
(Fig. 2 and 3), formation of ER-lumenal, la-containing spher- 
ule cores (Fig. 5 and 6), or la transfer of BMV RNA to a 
membrane-associated, nuclease-protected compartment (Fig. 
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4). Nevertheless, the olelw-'induccd shift in lipid balance, 
which is particularly pronounced in la-associated membranes, 
induces a severe, UFA-suppressible block to viral RNA repli- 
cation at or before synthesis of negative-strand RNA (21). This 
strong sensitivity implies that the membrane is an essential, 
functional component of the RNA replication complex. While 
the results presented here define a narrow interval between 
unaffected and affected steps in replication complex assembly 
and function, the precise nature of the replication block re- 
mains to be determined. Fluid membranes and specific lipids 
are required to activate some protein functions and to facilitate 
formation or modulation of protein-protein interactions (18, 
19). For example, UFA-containing lipids activate the mem- 
brane-associated Escherichia coli DNA replication initiator 
protein DnaA (8). Similarly, membrane fluidity, UFA-contain- 
ing lipids, or both may be needed for la or 2a polymerase to 
function properly or to interact properly with each other or 
host factors. 

In addition, local variations in lipid composition have central 
roles in regulating the formation and properties of curved 
membranes. Specific lipids are crucial for stabilizing the highly 
curved membrane junction between nuclear pores and the 
surrounding nuclear envelope (38). Formation and budding of 
synaptic vesicles require specific lipid modifications that con- 
vert inverted cone-shaped lipids to cone-shaped lipids, thereby 
favoring a specific polarity of membrane curvature (37). Sim- 
ilarly, local variations in lipid composition likely are crucial for 
the formation and properties of the vesicular, spherular mem- 
brane invaginations that envelope the replication complexes of 
BMV, nodaviruses, and many other positive-strand RNA vi- 
ruses (references 25 and 39 and references therein). Since the 
bend introduced by a cis double bond gives UFA-containing 
lipids a cone shape promoting negative membrane curvature, 
the 0L£"/ -dependent UFA-to-SFA ratio is an important con- 
tributor to the properties of such curved membranes. Just as 
for budding synaptic vesicles, lipid composition might be par- 
ticularly vital for the properties of the highly curved membrane 
necks joining the light bulb-shaped spherules to the outer pe- 
rinuclear membranes. These necks appear crucial for RNA 
synthesis as the likely channels for ribonucleotide import and 
product RNA export (39). 
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llpr All single-stranded 'positive-sense' RNA viruses that 
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infect nnammalian^ insect or plant cells rearrange Internal 
cellular membranes to provide an environment facllitat- 
^ing virus replication. A striking feature of these unique 
^embrane structures is the Induction of 70-100 nm vesi- 
cjes (either free within the cytoplasm, associated with 
other Induced vesicles or bound within a surrounding 
Itiembrane) harbouring the . viral replication complex 
jRC). Although similar In appearance, the cellular compo- 
%H\of} of these vesicles appears to vary for different 
-Z^iruses, Implying different organelle origins for the intra- 
. I rpellul^ sites of viral RNA replication. Genetic analysis 
'^^^^^^^^ that induction of these membrane struc- 

^|f:> 'iures can be attributed to a particular viral gene product, 
ifijirJusually a non-structural protein. This review will high- 
ii^ht our current knowledge of the formation and com- 
Ji^-: : <: iipsiti of virus RCs and describe some of the 
P similarities and differences in RNA-membrane interac- 
ij^ rations observed between the virus families FlavMridae 
W >?and Picomaviridae, 

■ ■ • ■ . ■ 

m i^K^y words: cellular ultrastructure,. membrane rearrange- 
' ' ^' ments, virus-host Interactions, virus RNA replication 
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:|Membrane wrapping is an Important principle that many 
^viruses use during their life, cycles. As a virologist, I have 
[ijearnt to appreciate "that many years of evolution have 
;5educated' viruses in the ways of the cell. We have learnt 
: many new aspects of cell biology from existing vims mod- 
|.;els, and 1 am sure that many more Insights are yet to 
ifbome. In this context various laboratories have toiled 
^iong and hard to understand the cellular principles asso- 
;;$iated with virus replication. All RNA viruses, whether they 
j^jnfect mammalian, Insect or plant cells, induce membrane 
^structures. Replication of positive-sense RNA viruses is 
^intimately linked to unique membrane structures that ultl- 
•innately wrap around the active replication complexes 
I, RCs), providing a membrane-bounded microenvironment 
•/|n which RNA synthesis can occur.' In many cases, these 
■Iponsist of small vesicles, approximately 70-100 nm In 
•diameter, that accumulate in the perinuclear region of 



Infected cells (1-7). These vesicles or spherules appear 
to be common to a nutriber of virus families including 
alphavlruses (e.g. Semliki Forest virus), rublviruses (e.g. 
Rubella virus), alphavirus-like superfamily (e.g. Brome 
mosaic virus), flavivlruses (e.g. Kunjin vinjs), tombus- 
viruses (e.g. Carnation Italian ringspot virus) and alphano- 
davlruses (e.g. Flock House virus) (4-6,8-16). In each 
case, the spherules/vesicles themselves present as inva- 
ginations of a cellular membrane, of differing origins. Thus, 
the lumen is enclosed or bounded by a membrane but still 
ha's access to cytoplasmic constituents via an open neck. 
The presence of readily visible threads within these spher- 
ules/vesicles has lead to the belief that they contain the 
viral RNA. This idea has been strengthened by immuno- 
labelling the spherules/vesicles with antibodies to double- 
stranded RNA (5,6,10,17) or exogenously added 
bromouridine (4,14,18), in situ hybridization (19,20) or 
treatment of Infected cells with RNAse leading to the 
digestion and thus absence of the. threads after embedding 
and microscopy (21 ). Hepatitis C virus (HCV), a member of 
the Hepacivirus genera within the Flaviviridae family of 
vinjses, appears to induce more heterogenously sized 
vesicles within the perinuclear region (1,22). These vesi- 
cles were also shown to contain the viral RNA by in situ 
hybridlzatiori .and in vivo .labelling with bromouridine 
triphosphate (22), In contrast to the above morphology, 
coronavlruses and arteriviruses induce doubleTmembrane 
vesicles (DMV) of approximately 80-100 nm in diameter 
(7,23,24). In situ experiments, with BrUTP and conjugated 
riboprobes have established that these DMVs house the 
replicating RNA (7,23,24). Picomavlruses on the other 
hand still induce dramatic cytoplasmic vesiculatlon of cel- 
lular membranes to wrap the active replicating viral RNA. 
However, these membranes are much more heteroge- 
nous in size and shape (3,25-27). It is quite clear though 
that In each virus family the RC becomes surrounded by 
cellular membranes. More than likely, this wrapping of the 
RC ensures protection from host-response proteins recog- 
nizing the viral RNA, I.e. protein kinase R, but in addition 
also provides a stable and confined surface area for the 
polymerase and RC to assemble and function. As most of 
these structures appear morphologically similar, common 
modes of biogenesis must exist that are 'shared' by the 
virus families. It appears that almost each genera has its 
own way of exploiting host-cell machinery. This is espe- 
cially true for the picomavlruses. 

As there have been two recent reviews on RCs of other 
virus families (28,29), I will concentrate on two similar 
virus families - the Flaviviridae and the Picomaviridae 
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that differ in their mechanisms of RNA replication. Both 
families contain members of great health concerns for 
humans and domesticated animals. 

The flavMrus replication complex and associated 
membranes 

The Flavlvlridae family consists of three genera: Flavivlrus, 
Pestivirus and HepacMrus (30). As the majority of the 
studies investigating the RC have been analysed using 
the flavlvirus Kunj'in virus (KUNV) as a model, this review 
will only discuss the Flavlvirus genus. The Flavivlrus genus 
comprises over 60 species, by far the largest member of 
the Flaviviridae family. These include a range of patho- 
gens, such as dengue virus (DENV), West Nile virus 
(WNV), Yellow fever virus (YFV) and Tick-borne encepha- 
litis virus (TBEV) that are important to both man and ani- 
mals (30) (World Health Organization, Fact Sheet no. 117, 
2002). Superficially, the flaviviruses appear to be relatively 
simple In structure and replication. They have a membrane 
and a genome consisting of an Tl-kb single positive-sense 
RNA molecule that encodes one long open reading frame 
with no overlapping gene sequences or subgenomic RNA 
species. The translated proteins are post- and co-transla- 
tionally cleaved by both host and viral proteases to yield 
the mature proteins (Figure 1) (30). The genes encoding 
the three structural proteins core (C), premembrane (prM) 
and envelope (E) are the first to be translated and are the 
only proteins found in secreted virions. The remaining 
seven . non-structural (NS) proteins appear to play roles . 
primarily in replication of the viral RNA (31); however, 
recent evidence suggests that some also contribute to 
virion assembly and/or maturation (32,33). 

Flavivlnjs. infection of cultured cells is associated with a 
reasonably long latent period of infection, approximately 



12 h (34). Subsequently, replication increases exponenr 
tially which is associated with the induction and prolifera- • 
tion of unique and characteristic cytoplasmic membrane 
structures (35). These membranes have been described; 
as convoluted membranes (CM), paracrystalline arrays, 
(PC) and small vesicular structures (SMS; after chemicair 
fixation) or vesicle packets [VPs; after cryofixation (36);-; 
Figure 2]. Our studies with WIMV strain KUNV have pro-? 
vided a comprehensive and detailed analysis of the com-- 
position and function of the individual membranes during 
KUNV replication (31,37). ;V;: 

The first indication that these induced membranes were;^ 
associated with RNA replication canne from the seminal 
experiments by Chu and Westaway (38). Membrane fracV 
tions were isolated from cytoplasmic extracts separated^ 
by sucrose density centrlfugation and analysed for protein . 
composition and viral RNA species [either after direct 
separation or for RNA-dependent RNA polymerase 
(RdRp) activity in the isolated fractions]. Electron micrp^ 
scopy (EM) of the RdRp-active fractions revealed a striking . 
correlation of KUNV NS proteins implicated in viral BN^- ; 
synthesis vylth the KUNV-lnduced membranes in infected; 
cells. Immunolabelling of thawed cryosections prepared : ; 
from DENV-infected cells revealed a significant accumula^. /! 
tion of NS1 within distinct morphological membrane struc-- : j 
tures, that we termed VP (6.36). Double-labelling with ^" 
antibo(jies to dsRNA revealed co-localization of both anti- } ' 
bodies only within the VP, strongly suggesting the VF^|; ; ' 
were the intracellular sites of DENV RNA replication (6),;fc ■ 
situ hybridization of resirvembedded sections from DENV^; 
infected cells supported the proposal that the VPs are the , 
same structure as the SMS (19). We could show that th^; i 
NS proteins NSl, NS2A NS3; NS4A, NS5 and dsRlslAi'jf 
were all localized to VP (17,39), whereas NS2B, NS3|; 
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RguriB 1: Schematic representa^i^ ''^-^ 
tion of the FlavMrus genonrif 
organization and polyproteilm; . 
processing events associat^c^: 
with replication; Cleavage sites 
depicted with a T represent cie^r 
vage by host-signal peptidase 
within the lumen of the endoplasmic 
reticulum. Sites represented with a!'- 
K depict cleavage by the vii^f::. \, 
encoded protease NS3 with cof^fe' ^r'-^ilfl!;; 
tor NS2B. The cleavage between . 
NSl and NS2A is currently not wejt-:.^' 
understood but is performed by: -a: 
host-cell protease in the lumen 
the endoplasmic recticulum. 
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i:e;»BH8l"ir>a NS5 localized to CM/PC (17,39), and NS4B 
: : ..'localized to proliferated endoplasmic recticuliim (ER) and 
- the nucleus (40). Based on the known protease activity of 
-.NSS that works in concert with its cofactor NS2B, we 
i;. ' . /..proposed the CM/PC to be sites of protein translation 
: and proteolytic cleavage of the polyprotein by the KUNV 
-ill^protease NS2B-NS3 (17). Whereas localization of dsRNA 
'•^>'^-:and KUNV proteins associated with RNA replication (17) 
■^• /.indicated that the VPs constitute the sites of viral' RNA 
-^synthesis. The role of VP in viral RNA synthesis was 
^ additionally confinmed by in situ labelling of nascent RNA 
H ■ with bromouridine (18). 
•^:v"i-'-- 

-/.The immunolocaiization data, together with molecular and 
};:y?b\od\emcdi\ results (41-44), led us to propose the follow- 
|r ;;ing mode! of the events during flavivirus RNA replication 
^v.^;(31). Our assumption is that on completion of translation, 
^'/i.-ij^NSS binds the 3' end of the (+) RNA molecule. NS2A and 
. ,V ;JNS3 then also bind to the RNA and/or NS5. This preform- 
i -l^ing RC is then directed to the cytoplasmic face of a mem- 
?i:t?brane through interaction with two additional proteins, 
;|^.;./jsjS4A and NS2A. Importantly, this interaction only occurs 
^ i;in the presence of viral RNA (39). At this point, we pre- 
iK.;'V'cted that the RC-bound viral RNA becomes wrapped in 
]||:iCthe VP (step T in Figure 2B) and is contained within this 
JriJ^ynvagination where efficient replication of the viral RNA 
v|; (/'-continues, hidden from the hos^surveillance proteins. 

This is analogous to models proposed for alphaviruses 
i^; ;':and alphavirus-Wke superfamily (8,14), whereby access of 
Sithe cytoplasmic viral RNA to the active viral RC housed 
■ felyvithin the indented vesicular pits is through an open neck. 
^#it is presumed that other cellular factors and nucleotides 
.#r|i-equired for efficient RNA replication can also pass 
0ifthrough the vesicle neck. Interestingly, although NS1 
||y3ranslocates into the ER lumen, it is alDle to interact with 
If^f NIS4A presumably via regions of NS4A that transverse the 
|i0ER membrane. However, genetic studies have suggested 
fephat this interaction Is mediated by residues in NS4A on 
ii\phe cytoplasmic face of the membrane (45). How this 
|'>fjnteraction occurs is not fully understood. As cyclohexi- 
|;::;:nnlde treatment does not affect replication, it is likely that 
the RC is used for multiple rounds of replication/membrane 
recruitment of the RC facilitated by its confined location 
within the VP (18). Following replication within the VP...the 
|;^(RNA is exported to the CM/PC for translation and proteoly- 
processing (step 2 in Figure 28). It is known that transla- 
•:^P^^5tion and replication are coupled and that replication of a 



^.Vnascent RNA molecule is required for packaging (46). 
f|:;i,Following translation, the RNA molecule is then transported 
to the rER where assembly of the nucleocapsid' and 
H -^immature virion occurs (47) (Step 3 in figure 2B). 



|p^;An important focus for virologists is the cellular origins of 
:|\ -Ji membranes and proteins involved in viral RNA replication. 
|':#or flaviviruses, this process appears bewilderingly cori> 
|r;v:plex. As described above, there are three distinct menrn 
%\ brane structures associated with the flavivirus life cycle - 
jsl the rER, CM/PC and VP - all of which are to some extent 
fJl 
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related to membranes derived from the early secretory 
pathway (Figure 2), Interestingly, each of these mem- 
brane structures contains a distinct set of viral proteins 
with apparently different functions (see above). 
Furthermore, each of the membrane stnjctures appears 
to. contain a different subset of host proteins (48). 
Significantly, the frans-Golgi marker p-1,4-gaiactosyltrans- 
ferase (GalT) localized to the VPs in KUNV-infected Vero 
cells (48); GalT was especially concentrated in mem,branes 
of the vesicles within the packet and not the bounding' 
membrane itself. Other trans-Golgi network (TGN) mar- 
kers such as p230. and TGN46 also localize within the 
VP, whereas p200 and y-adaptin were not observed 
(Jason Mackenzie, unpublished observations). Notably, 
although much of the GalT, TGN46 and p230 redistributed 
to the VP, a subset of these proteins remained associated 
with the Golgi apparatus, which appeared morphologically 
unperturbed and had the normal distribution of the Golgi 
cis- and mecf/aAcistemae protein Giantin (48), An Intact 
Golgi apparatus is a strict requirement for flavivirus repli- 
cation, because the fully assembled virions exit the cell 
through the Golgi apparatus (47), and furin cleavage of 
prM (which occurs at the trans side of the Golgi) to M is 
essential for virus infectivity (49). In contrast to TGN pro- 
teins, ERGIC-53, a recognized marker for the intermediate 
compartment (10 (50), did not localize to the VP but accu- 
mulated within the CM/PC. Protein disulphide isomerase 
(PDI; an" rER resident protein) was observed to label rER 
continuous with the CM/PC but was not significantly 
found within the CM/PC (48). Thus, it would appear that 
a subset of TGN/Golgi protein associates intimately with 
the ER/IC-derived CM/PC. and that the CM/PC are physi- 
cally continuous vyith the rER. 

Our data offer insights into the long-standing controversy 
about the organization of the IC. In one, still popular view, 
the IC is considered as a compartment distinct from the 
ER and the Golgi (51-53). Others propose that the IC is 
continuous with the ER and the cis Golgi (52,53). Our data, 
in flavivirus-infected cells, show clearly that the rER and IC 
appear' as continuous structures: the rER (identified with 
anti-PDI antibodies) and the CM/PC (defined as the IC by 
its labelling with anti-ERGIC-53 antibodies). Our observa- 
tions strongly support a transport model, whereby pro- 
teins are .transported from the rER to the IC via a 
continuous membrane rather than via vesicular steps, 

Brefeldin A (BFA) is a fungal metabolite and a potent 
inhibitor of anterograde nnembrane transport due to its 
effects on the. activity of ADP ribosylation factor (ARR. 
Among other activities, the action of BFA prevents coat- > 
. omer proteins binding to membranes (54), culniinating in 
the disassembly of the Golgi apparatus and redistribution 
of Golgi proteins to the ER. Our studies with BFA-treated, 
KUNV-infected cells have clearly Indicated that antero- 
grade membrane and/or protein transport are required for 
biogenesis of the KUNV membrane structures, but only at 
an early step in the replication cycle (48). Membrane 



Mapke^lBITA 




(NS1,NS2A, NS3, 
NS4A, NS5) 



Translation & 
proteolytic 
processing 



© 

Virion 
maturation 



CM/PC 
(NS2B, NS3 ,NS4A. NS5} 



Vlais 
assembly 



total agree 
^ \ except for 
&y dsRNA an 
'K." replicon d£ 

out the cv 
l^: ;- sented as 

. when obs( 
fe - v antWsRN/ 
% Singly simile 
Is- .. HCV replic 
i I ling of na! 

dene© has 
|;.;' capacity tc 
p;,;; those obs 
i> (1,56). . Ho 
I'lthe KUNV 
^:iAhe require 
I structures 
$ '.t infection U 



^i^Replicatio 

1 5 Investigati- 
neered by 
l^f Bienz and 
^■J. tematic ap 
}>i };. tigators (ir" 
|vf their own * 

1^ Like the f 
translated 
iff ribosomal 
|?i;Jf cleaved 
The nnatur 
strand RN, 
that this" c 
^|>|;faciljtated 
. . teins with 
■§^f .2C and 3A 



F^ureZ: Ultrastructural observations of KunJIn virus-Infected Vero cells at 24 h posMnfectfon. Panel A reveals IrTimunogoid ;: ' p and 2C bin 

labelling of a thawed cryosection prepared from Kunjin vims-infected cells with antibodies raised against protein disulphide isomera^^; ,^ " 
(PDI) and 10 nm protein-A gold. Note the labelling of the lumen of the rER continuous with the convoluted membranes (CM) but noi 
labelling Within this structure. Adjacent vesicle packets (VPs) are also devoid of the PDI antibodies. Magnification bar represents 200 nrnV- ^ 
Schematic representation of the f lavivirus life cycle is depicted in Panel B. Step 1 .proposes the incorporation of cytoplasmic viral RNA into^^' 
the VP for replication by the replication complex. (2) The transcribed viral RNA is then transported to the CM/PC for translation and;'- 
proteolytic cleavage via both host- and viral-encpded proteases. (3) Subsequently, the RNA is encapsidated by the core protein, and viridhi;; 
assembly proceeds via budding into the ER lumen. (4) Virion maturation occurs via transit through the Golgi apparatus before release -^^ 
through the plasma membrane (PM) via exocytosis (5). Redistribution of frens-Golgi network (TGN) and intermediate compartment (IC);'' 
host proteins to the VP and CM/paracrystalllne arrays (PC), respectively, are highlighted. 



induction was not inhibited once the nnennbranes them- 
selves were formed, after the latent period (48). 
Additionally, GalT localized within the VP was also resis- 
tant to dispersion; this is In contrast to the redistribution of 
GalT observed in uninfected cells treated under similar 
conditions (48). 

It is not clear at present which of the flaviviral proteins are 
responsible for membrane induction. However, after 
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examination of cell lines bearing KUNV replicons of vari^^ 
able replication efficiencies, the 'induced' membrane|-;; 
were only found in cell lines that harboured efficiently"; 
replicating replicons (55). This suggested that one dirf;- 
more of the NS proteins is required for membrane indufe} 
tion and indicated a direct correlation between the extentgy 
of viral protein synthesis/accumulation and membrane |. 
proliferation/alteration. Analysis of the cellular ongins pf.fj 
these membranes in replicon-transduced cells was in;;;; 
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'^iolB'^ft^ent with that observed during virus infection, 
.. /except for the notable difference in the distribution of 
V^sRNA and GalT (55). The subcellular distribution of the 
■ ' ilf^plicon dsRNA appeared as small foci scattered through- 
ly qu^ the cytoplasm by Immunofluorescence (IF) that pre- 
i-^sented as isolated foci on the cytoplasmic face of the ER 
: . Vv^hen observed by cryorimmunoelectron microscopy with 
• ; .'^nti-dsRNA antibodies (55). This labelling pattern is strik- 
i': ingly similar to the pattern obtained In cell lines harbouring 

;hCV repHcons, using' in situ hybridization or in vivo label- 
X 'jing of nascent viral RNA with BrllTP (22). Recent evi- 
v Bence has indicated that the HCV NS4B proteins has the 

capacity to induce membrane rearrangements resembling 
••: those observed in cell lines replicating a HCV replicon 
j (1,56).. However, our recent results argue that at least 
[ i^e KUNV poiyprotein NS2B-NS3-NS4A by itself contains 
J; the required attributes to induce cytoplasmic membrane 
i,;V^ructures analogous to. those observed during flavivirus 
> infection (Jason Mackenzie, unpublished observations). 

\i^epi!cat!on complex of the picornavlridae 

;;;":;tnvestigation of the RCs of picornaviruses has been pio- 
; v-iieered by the elegant and comprehensive studies of Kurt 
, .f|ienz and Denise Egger (Basel, Switzerland). Their sys- 
il' /tematic approach has been an inspiration for other inves- 
'ritjgators (including myself) who have studied the RCs of 
l-their own viruses. 



;i;;$ike the Flaviviridae, the Picqmaviridae genomic RNA is 
tianslated as a polypratein, aibeit initiated by an Internal 
^;.^nbosomal entry • site and post- and co-translationally 
^■■ :6t^^ by host- and viral-encoded proteases (Figure 3). 
;^.vlhe mature proteins assemble on the 3' end of the (H-)- 
%|trand RNA to Initiate (-)-strand synthesis. It is proposed. 
^%st this occurs on the cytoplasmic face of membranes 
'0jfecilitated by the interaction of the hydrophobic viral pro- 
Sfeins with host membranes. Poliovirus (PV) proteins 2B, 
?^;;2C and 3A are all tightly associated with ER membranes, 
^3^nd 2C binds specif ically to the 3' end of the minus-strand 
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RNA. and 3Dpol specifically associates with the input 
positive-sense RNA to generate minus-strand RNA,- 
Specific protein-protein Interactions within the RC are 
difficult to dissect, as alf the PV proteins, both stmctural 
and NS, -reside within the RC (Figure 4). Furthermore, the 
presence of different poiyprotein species makes it difficult 
to specifically identify individual proteins by immunolabel- 
ling. An antibody raised against one protein could also 
recognize the poiyprotein it is derived from. The -early 
stages of replication likely" occur on rER membranes until 
sufficient viral protein accumulates and cellular menn- 
branes are rearranged. 

The initial connection between 'induced' vesicles and RNA 
replication was revealed by high-resolution autoradiogra- 
phy (2) and subsequently extended using detailed in situ 
hybridization and immunogold labelling of prepared 
embedded sections from PV-infected cells (57.58); similar 
techniques were used on membranes isolated from 
sucrose density gradient fractions containing active RNA 
polymerase activity (58-60). These experiments showed 
not only that the viral RNA and proteins involved in replica- 
tion were associated with the proliferating membranes, 
but also that these membranes supported active replica- 
tion (61). More intriguing was the appearance of the iso- 
lated membranes vyhich were observed as vesicle 
rosettes (60)l An interesting property of these rosettes 
was that they readily dissociate at low temperature or 
under low ionic conditions into tubulo vesicular structures 
and can reassemble Into ia functional complex on 
increased incubation at 30 *'C (61). 

Infection of mammalian cells with members of the 
Picomaviridae family results in a dramatic vesiculation 
and disintegration of internal membrane stnjctures 
(3,25,62-64). The vesicles within these clusters range in 
size from 70 to 500 nm in diameter and appear to accu: 
mulate within the perinuclear area (Figure 4). Evidence for 
a requirement for continuous lipid synthesis to facilitate 



Rgure 3: Schematic representa- 
tion of the genomic organization 
of the Picornavlrus genome and 
poiyprotein species generated 
via virus-specific proteolysis. 
Many of these poiyprotein species 
have specific roles during replica- 
tion of picornaviruses* 
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Rgure 4: Ultrastructural analysis of Parec/joWrc/s-lnfected BSC-1 cells at 6 h post-infection. In (A), the resin-embedded sectiorj, 
reveals vesicle clusters (VCs) accumulating in the perinuclear region. The vesicles range in size from approximately 100-800 nm,.B);". 
immunogold labelling of cryosections from parechovirus-lnfected cells reveals the vesicle clusters heavily decorated with antibodies to ' 
dsRNA and 10 nm' protein-A gold. C) Schematic representation of membrane rearrangements observed during picornavirus infectibC 
Anterograde transport carriers are restricted at different stages of the secretory pathway depending on the different viruses investigated:'. 
This restriction in transport of protein and membrane to the Golgl apparatus leads to the eventual disintegration of the Golgi due to the:^ 
redistribution of Golgi proteins and membrane to the.ER via retrograde movement Nu. nucleus. Magnification bars represent 1 nm aric!^ 
200 nm in Panels A and B, respectively. :;^?>; ! 



yiral RNlA replication has emerged from two independent 
observations. Firstly, experiments using the phospholipid 
synthesis inhibitor cerulenin showed that replication and 
infectivity of members of the Picqmaviridae was greatly 
reduced in the presence of the drug {65-67). Subsequent 
studies indicated that many other RNA viruses are equally 
sensitive to the action of cerulenin suggesting a broad 
spectrum activity against viruses requiring lipid moieties 
(68,69). Secondly, PV-induced vesicles, and thus the RC 
formed from defective viruses, cannot support the replica- 
tion of superlnfecting wild-type PV (26,70). This suggests 
that each membranous RC must be formed in cis from 
nascerit translated viral proteins recruiting ciellular mem- 
branes. This inability to 'recycle' RCs may explain some of 
the difficulties in tran^omplementing defective PV gen- 
omes (71). 

One model In the PV field speculates that the virally 
induced membranes in the perl-nuclear area of the cell 
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reflect the inhibition of the host secretory pathway leading 
to an accumulation of anterograde transport carriers. Sii^fi; 
a process is potentially blocked by BFA, as this drug stops- 
anterograde transport by inhibiting the ARF-exchange fag:.' 
tor resulting in dissociation of the C0P1 coat. Howev^K 
experiments using BFA have revealed that . differph? 
viruses within the' Picomavihdae family have different 
ceptibilities to BFA (3,72,73) and may use different hb^t; 
membrane components. Poiiovirus and Echovirus 11 are 
extremely sensitive to BFA treatment (3,73), whereas 
foot-and-mouth disease virus (FMDV) and encephaiomyo: 
carditis virus (EMCV) are resistant to BFA effects (3,27)i 
and Parechovirus displays some partial sensitivity (3). Fpr 
the susceptible viruses, the effects of BFA can be rationsr 
lized by results Indicating a role for host coat proteins: jf? 
the formation of picornavirus RCs. Poiiovirus fipp^sf^j;!^? 
use COPII proteins early in the formation of the RP:]?' 
induce the viral vesicles (74). However, late in infection^ 
most cellular proteins are also associated with the 

Traffic 2005; 6: 967-95 




. vesicles (75). 
^ posed that tt- 
\ nents occum 
•transport ves 
/ grade transp 
' observed to 
> ; : p63) (74,76,7 
dentformatio 
j'replication is 
of COPII pro- 
^ by this drug f 
/. experiments 
replication pr 
., 'Jthe PV protei- 
-i membranes 
' / interesting tc 
^^;:M81,82), and 
fr.^'^ observed to 
C ?the PV 2C pr 
^■ 'i vesicles with 
'\i 11 infections 
gj ':;'viral replicati< 
"V sitive to BFA 
_;.:!J'can be ass 
|;-|jnterestingly, 
|^ 'throughout 1 
BFA itself, \a 
5^:1 Additionally, 
the RC (J 
^•^'observations 
these vesicli 
|k require neith 
I?:" effects of Bl 
;^:very little re 
|the IC during 
■^ing that th 



5^- ' • 



iFigure 5: !m 

|.:S:localizatiori o 
- ■;|j9bserved wit 
i '- t'on is recogr 



MTraffic 200t 



dded section 
>-800 nm. B) . 
antibodies to 
-us infection,. 
investigateiJ;.; 
gl due to the ; 
mt 1 iim and < 



vay leading c 
Tiers. Such 
drug stops .. 
:fiange fac- 

. However,;'; 
t differerifj^ 
Cerent susrvj. 
•erent host r 
irus 11are.^;-; 
, whereas^:. 

jphalonriyo^i; 
)cts (3,27),7 
'ity (3): Fofe; 
be rationSf 
proteins iri|: 
appears ^Q-;: 
the RC tav 
I infection^: 
th the PV^'- 

I: 967-977| \ 



:. :.:yesicies^75). Based on these observations, it was pro- 
posed that the PV vesicle induction using COPII connpo- 
' nents occurred' in a nnanner sinnilar to the fomnation of 
.. ■transport vesicles in uninfected cells (74). Like antero- 
, grade transport vesicles, the PV vesicles were also 
r^^^'observed to exclude ER-resident marker proteins (e.g. 

.|p63) .(74,76,77). Nevertheless, the apparent COPII-depen- 
: . . -dent formation of the PV vesicles does not explain why PV 
" 'replication is sensitive to BFA. The dynamics and activity 
V- of COPII proteins is generally assumed to be unaffected 
.V !by this drug (78). Rather, BFA sensitivity and some in vitro 
experiments strongly implicate ARF directly In the virus 
: rep'ication process (79.80). Recent data has implied that 
,ihe PV proteins 3A or 3CD can induce ARF translocation to 
^i; rriembranes facilitating active PV replication (79). It is 
> -interesting to note that the PV 2C protein is a GTPase 
• ;(81.82), and a single point mutation within 2C was 
; ; observed to render PV resistant to BFA (83). Perhaps, 
;; ::tie PV 2C protein may stabilize coatomer proteins on the 
Vesicles within the clusters. In contrast to PV, Echovirus 
,' H i Infections lead to an active redistribution of COP! to the 
A .viral replication sites, and Infection is also extremely sen- 
II :"^itive to BFA (3). Therefore, a direct role of COPI proteins 
•^• Jcan be assumed in the replication of Echovirus 11. 
•v ^Interestingly, Parechovirus infection dispersed COPI 
iftthroughout the cytoplasm (3), similar to the action of 
•fri ;BFA itself, with some COPI also obsen/ed within the RC, 
Additionally, we and others have observed GalT to localize 
i^.l 'to the RC (Jason Mackenzie and E. Gazina, unpublished 
■| Jobsen/ations) (62) suggesting a possible Golgi origin of 
.|;Jhese vesicles. In contrast, EMCV and FMDV appear to 
I? ;Tequire neither COPI or COPII and are both resistant to the 
j^j-effects of BFA (3,27). In this context, it is surprising that 
j^.,|ifery little research has sought to investigate the role of 
|;vthe IC during picornavirus replication, especially consider- 
;[;; Ing that the IC represents a crossroads within the 
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secretory pathway, where a switching of COPII to COPI 
proteins on transport carriers Is thought to occur (84). 
Experiments with FMDV showed a slight dispersion of 
ERGIC-53 from the perinuclear region to scattered foci 
within the cytoplasm (27). However, our preliminary data 
suggest some excellent co-localization of Echovirus 11 
and EMCV RC with anti-ERGIC-53 antibodies by IF 
(Figure 5). The distribution of ERGIC-53 appears relatively 
unaffected during these infections with coincident label- 
ling observed both in the perinuclear region and in isolated 
cytoplasmic foci (Figure 5). 

The results summarized above strongly implicate a 
dynamic association of ARF, COPI and COPII components 
with picornavirus replication, possibly regulated and/or 
stabilized by the viral proteins 2C, 3A and 3CD. The effect 
of BFA may relate to the activity of protein 2C, to release 
COPII and/or bind and stabilize COPI to the vesicle mem- 
branes. This stabilizing of COPI and ARF to cellular mem- 
branes may explain why large vesicles are obsen/ed 
during picornavirus infection, as the COPI-bound vesicles 
would retain the capacity to fuse to other membranes 
bearing the appropriate tether. Whether or not the COP 
proteins are directly required for RNA replication and/or 
virus assembly is not currently known, but siRNA knock- 
down experiments may provide a better understanding in 
the future. It has been speculated that perhaps this dis- 
mantling of the secretory pathway Is an active measure to 
prevent celf-surface expression of immunoregulatory 
molecules such as MHC I (85-87). It is important to 
note that picomaviruses do not require an intact secretory 
pathway for virion maturation, as the virions have no 
membranes and consist of assembled capsid subunits 
that are released via a lytic process (rather than through 
exocytosis; Figure 4C). Additionally, the capsid proteins 
required for virus assembly are also intimately associated 



ir 
II 

V- ,' >" 




EMCV-inf 



... .m- . ■ 



, Echolt-inf 



iRgure 5: Immunofluorescene analysis of EMCV-lnfected (A) and Echovirus 11 -Infected (B) BSC-1 cells at 6 h post-Infection. Co- 
•localization of anti-dsRNA (labelled with Alexa Fluor 488; green) and anti-ERGIC53 (labelled with Alexa Fluor 568; red) antibodies is 
■Observed within discrete cytoplasmic foci representing the picornavirus replication complex (highlighted with arrowheads). Dual localiza- 
^^ion is recognized as a yellow hue in both panels. 
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with the vesicle clusters (61,88) (Figure 4C), exemplifying 
the organized nriembranous nnicroenvlronment facilitating 
virus replication. 

Another nnodel proposed by the Kirkegaard laboratory 
(Stanford, USA) suggests a role forautophagy in" the gen- 
eration of the PV vesicle clusters (75,77). Autophagy is a 
membrane-dependent engulfment of cytoplasmic consti- 
tuent destined for degradation typified by the presence of 
DMV structures (89). Using high-pressure freezing and 
EM, the. PV vesicles were presented as DMVs resembling 
autophagic vesicles (75). Earlier studies investigating 
Mouse Hepatitis virus (MHV) and Equine Arterivirus RNA 
replication revealed the presence of DMVs harbouring the 
viral RC (23,24,90). The studies by van der Meer etaL (24) 
identified the presence of the endosomal markers lamp-1 
and endocytosed BSA-goId in the MHV RC; however, the 
role of autophagy was hot investigated. Recent studies on 
MHV have suggested that the process of autophagy may 
■ contribute to the formation and stability of MHV RCs, as 
MHV replication was impaired in an autophagy knock-out 
celt line (91), Immunogold labelling indicated the presence 
of the autophagosomal protein LC3 (92-94) as well as 
cellular markers from different organelles within the PV 
RC (75). Additionally, . when MHV- and PV-infected cells 
were incubated in the presence of a chemical inhibitor of 
autophagy, 3-methy laden ine, there was decreased viral 
replication (91,94). Consistent with this biogenesis model 
is the fact that although dramatic breakdown of the Golgi 
apparatus occurs during PV infection; an intact. Golgi appa- 
ratus or frans-Golgi network is not essential for the forma- 
tion of autophagic vacuoles (95). Yet in contrast, BFA does 
not seem to prevent the fomnation of autophagic vacuoles 
but rather tends to increase the volume fraction of auto- 
phagic vacuoles (95). These contradictory results could 
suggest that more than one mechanism underlies PV 
vesicle formation, perhaps implying a combined use of 
anterograde membrane transport and autophagy. It can 
be envisaged that on prevention and accumulation of ante- 
rogade transport vesicles, the Golgi apparatus breaks 
down due to the retrograde movement of Golgi enzymes 
and proteins to the ER (as observed during treatment of 
uninfected cells with BFA), This accumulation of proteins 
within the ER may trigger host-cell responses to signal 
proteolysis of the accumulated proteins within the ER, 
possibly initiating autophagy. With such a rapid life cycle, 
the window' of opportunity for researchers to dissect the 
steps of picofnavirus replication is limited. 

To gain additional insights into the process of membrane 
induction in the absence of viral replicatioa viral proteins 
have tjeen expressed individually. Such studies have been 
successful in identifying viral factors involved in mem- 
brane proliferation for a number of picornaviruses. In 
each case, expression of proteins from the P2 and P3 
region of the genome leads to membrane alterations ana- 
logous to those observed during wild-type, infection. 
Further experiments indicate a Vole for the potyprotein 
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precursor 2BC and 2C' itself in inducing vesicle clusters 
(96-98). Expression of each of the individual proteins 
alone has highlighted the membrane association and 
destabilizing effects of proteins 28, 2C and 3 A (99,100). . 
Both 2B and 3A are efficient immobilizers of membrane 
and protein trafficking through the secretory pathway, 
with 2B displaying some specificity for the Golgi apparatus 
(101). By contrast, 3A appears to restrict protein export 
from the ER (102) perhaps inducing the dispersion of coat . 
proteins from newly forming transport vesicles. However, . 
recent observations have indicated that only the FMDV 
protein 2BC can Inhibit protein trafficking to the cell plasma ■ 
membrane, and FMDV proteins 2B, 2C and 3A do not . 
convey these properties (100). On the other hand, protein ": 
2C does not block protein transport, yet induces vesicle, 
clusters analogous to those observed in the cytoplasm ; 
during wild-type infection (98,103). The PV protein 3D 
the virus encoded RdRp - has been the focus of many- 
structural analyses. The goal of these studies has been to ; 
identify peptide-binding pockets that might, be targets forV; 
chemical inhibitons. Nevertheless, some interesting obser - 
vations were made after EM analysis of the purified" 
protein. The higher order structure of purified 3D wasi'; 
observed to be an ordered sheet or lattice (104). These 
arrays also had the capacity to form tubules. It was thus 
proposed that 3D is recnjited to the nnembrane via int8rac->. 
tion with SAB and that this physical interaction between the 
3D molecules induces assembly of the ob^served lattices;: 
forming a uniform surface area that can subsequently b^^' 
utilized for RNA replication (104). 



Concluding Remarks 

In reviewing our current knowledge of the replication *9|' 
two well-studied families of vinjses, it is clear that we 5tiil;: 
have a long way to go. Like all viruses, the subversion oi:./. 
cellular machinery and pathways is crucial for virus props^ 
.gation and survival. The specific interaction and recruitj. .' 
ment of host factors and distinct membrane domains to • . 
' virus replication sites imply different strategies forj^the. 
manipulation of host components. Dissection of j the, ; 
steps taken during biogenesis of the viral RC has t^'9.fe ; 
lighted some basic cell biology principles, especially relati; < 
ing to membrane traffic from the ER to !C and Qp^g'. • . 
apparatus . and possible subdomains within, the t^P^'v 
Golgi. Questions still remain as to why different plcofna- 
viruses use distinct host components in* produbihg V- 
morphologically similar vesicle structures. Also, what';fp!? 
does the apparent dynamic exchange of ARF and, GOP ■\ 
proteins play in the virus lifecycle? Is it merely a mecijanr . : 
ism to prevent surface expression and secretioftf ^ : ;: 
immune regulatory molecules or Is it directly involved^ jj^ / 
the assembly process? In contrast, flaviviruses redistfh / 
bute trans-Go\g\ proteins to their sites of viral RNA repjicg' 
tion. What roles do host glycosylation and sorting proteins 
play in viral RNA replication and why do positive-serfe^ 
RNA viruses wrap their replicative machinery? Is it sii 



Traffic 2005; 6: 




to ensure gre 
proteins and 
environment! 
area for RC a 
translation a 
tions? Or an 
■ (i.e. dsRNA) • 
stranded RN 
case, viruses 
and dissect r 
doubt contin 
'wrap up' th 
these familie 



Acknowlei 

;;!*lthBnk Gareth C 
J'- the manuscript i 
'[i^ I thank Elena Ga 
I';. 53 Immunofluor 
'ji our research b> 
J Australia. • 



H. Reference 



1. Egger D.V 
K. Express 
alterartions 
2002:76:5{ 

2. Bienz K, E| 
the P2 gei 
induced nr 
immunocy 
220-226. 

3. Gazina EV 
requireme 
among thr 

4. Kujala P. il< 
Biogenesis 
2001:75:31 

5. Magliano[ 
Rubella vi 
Virology li 

6. Mackenzit 
dengue vi 
RNA repli( 

7. Pedersen 
frame la-i 
plasmic re 
viral replic 

8. Froshauer 
located oi 

. J Cell Biol 

9. Kujala P, 
IntrBcellul. 

- J Virol 19: 
Lee JY. r 
replicatior 
Virology 1 



10 



■traffic 200t 



)sicle clusters.: 
'dual proteins; 
sociatton and 
i 3A (99,100). 
of nnembrane 
cry pathway, 
Digi apparatus 
irotein export- 
9rsion of coat 
es. However, ; 
ly the FMDV 
le cell plasma -, 
d 3A do not 
hand, protein 
iuces vesicle . 
le cytoplasm 
protein 3D ^ 
ous of many. 

has been to 
e targets for . 
asting obser- • 
the purified 
ied 3D was 
(104). These; 

It was thus i 
e via interac-; 
between the - .1 
rved lattices 
ieqiiently be • 



■I 



^plication of • 
that we still : 
ibversion of:! 
virus propar,, 
and recruit-:" 
domains toj 
lies for .they 
ion of the*.; 
Z has higiv.-^; 
3cial!y relaf;^ ;. 

and Golgl;f 

the trSns^f 
)nt picoma-'- 

producing... 

what ir^ole;. 
= and CQF{ 
a mechah^) 
aeration/ 6f;^ 
involved irj.' 
es redistrl^ ' 
NAreplicaf:.'. 
ig proteins.; 
itive-sense^. 
Is it simpl|^ 

3: 967-977S. J 



IxHIBITA , «. . . k 

■\p ensure greater efficiency of replication by concentrating 

•proteins and molecules within a desired mennbranous 
i\eriviroriment? Is it to* provide a greater membrane surface • 
' area for J^C assembly and increased cellular machinery for 
translation and subsequent post-translational modrfica- 
"^ons? Or are the viruses hiding potential cell activators 
;(j.e. dsRNA) from host .surveillance molecules like double- 
stranded RNA-dependent protein kinase (PKR)? In any 
" case, viruses have provided us with models to understand 
:.and dissect many cellular trafficking pathways and will no 
^ doubt continue to do so. I hope that eventually we can 
-.'wrap up' the events asspciated with the replication of 
these families of pathogenic posltrve-sense RNA viruses. 
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Positive-strand RNA virus replication complexes are universally associated vtith intracellular membranes, 
although different viruses use membranes derived from diverse and sometimes multiple organelles. We 
investigated whether unique intracellular membranes are required for viral RNA replication complex forma- 
tion and function in yeast by retargeting protein A, the Flock House vims (FHV) RNA-dependent RNA 
polymerase. Protein A, the only viral protein required for FHV RNA replication, targets and anchors repli- 
cation complexes to outer mitochondrial membranes in part via an N-proximal sequence that contains a 
transmembrane domain. We replaced the FHV protein A mitochondrial outer membrane-targeting sequence 
with the N-terminal endoplasmic reticulum (ER)-targeting sequence from the yeast NADP cytochrome P450 
oxidoreductase or inverted C-terminal ER-targeting sequences from the hepatitis C virus NS5B polymerase or 
the yeast t-SNARE Ufelp. Confocal immunofluorescence microscopy confirmed that protein A chimeras 
retargeted to the ER. FHV subgenomic and genomic RNA accumulation in yeast expressing ER-targeted 
protein A increased 2- to 13-fold over that tn yeast expressing wild-type protein A, despite similar protein A 
levels. Density gradient flotation assays demonstrated that ER-targeted protein A remained membrane asso- 
ciated, and in vitro RNA-dependent RNA polymerase assays demonstrated an eightfold increase in the in vitro 
RNA synthesis activity of the ER-targeted FHV RNA replication complexes. Electron microscopy showed a 
change in the intracellular membrane alterations from a clustered mitochondrial distribution with wild-type 
protein A to the formation of perinuclear layers with ER-targeted protein A. We conclude that specific 
intracellular membranes are not required for FHV RNA replication complex formation and function. 



A universal feature of positive-strand RNA viruses is the 
involvement of host intracellular membranes in RNA replica- 
tion complex formation and function. This conclusion is based 
primarily on four observations. First, immunofluorescence and 
immunoelectron microscopy have localized viral replicase pro- 
teins and nascent viral RNA synthesis to intracellular mem- 
branes (16, 18, 24, 28, 29, 33, 42, 47, 51, 53, 56). Second, in vitro 
viral RNA-dependent RNA polymerase (RdRp) activity co- 
fractionates with cellular membranes (6, 8, 12, 51, 58). Third, 
detergents suppress, and in some instances, phospholipids en- 
hance the in vitro activities of viral replicase proteins (2, 8, 57, 
58). Fourth, lipid synthesis inhibitors (20, 30, 36) and muta- 
tions in lipid' synthesis genes (26) inhibit viral RNA replication. 
Recent results also show that at least some positive-strand 
RNA viruses use membrane rearrangements to create virus- 
specific, membrane-bounded compartments in which RNA 
replication occurs (51). 

Despite these observations, many fundamental questions re- 
main about the interaction of viral replication factors with host 
intracellular membranes and the specific roles of membranes 
in viral RNA replication complex formation and function. 
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Moreover, while most viruses assemble their replication com- 
plexes on a specific membrane or membranes, dilTerent viruses 
use different membranes. For various positive-strand RNA 
viruses, membranes derived from the endoplasmic reticulum 
(ER) (26, 29, 35, 42, 46-^8, 51), Golgi apparatus (47), lyso- 
somes (18, 24, 28, 47), endosomes (18, 24), vacuoles (52), 
mitochondria (10, 15, 32, 33), perixosomes (9, 10), and chlo- 
roplasts (14) have all been implicated in viral RNA replication 
complex formation and function. The significance of this di- 
versity of intracellular membranes used by different viruses is 
unknown. 

The wide variety of intracellular membrane compartments 
used by different positive-strand RNA viruses, and their spe- 
cific targeting, suggests that individual viruses may have unique 
host factor requirements supplied by specific intracellular 
membranes. Alternatively, many or all host intracellular mem- 
branes could provide the functions necessary for viral RNA 
replication complex formation and function, and the .specific 
intracellular localization of individual viruses may be related to 
other steps in the viral life cycle, such as viral protein transla- 
tion or encapsidation. Results that help distinguish between 
these competing hypotheses potentially have significant thera- 
peutic implications, as antiviral drugs designed to block viral 
RNA replication complex formation or function on a specific 
intracellular membrane compartment will be ineffective if al- 
ternative membranes can be used efficiently. 

To study intracellular viral RNA replication complex target- 
ing, we use Flock House virus (FHV), an alphanodavirus that 
has been used as a model to investigate viral capsid formation 
and RNA packaging (49, 50, 59), viral RNA replication and 
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subgenomic synthesis (3, 5, 22, 27), and RNA replication com- 
plex assembly and function (32, 33, 57, 58). FHV replicates in 
a wide variety of cells (4), including the yeast Saccharomyces 
cerevisiae (37-39). FHV contains a 4.5-kb bipartite genome, in 
which the larger RNA segment (RNAl) encodes protein A, 
the FHV RdRp (4, 13). Protein A is the only viral protein 
needed for FHV RNA replication (3, 21, 38), and it contains 
the sequences necessary for the intracellular targeting of FHV 
RNA replication complexes to outer mitochondrial mem- 
branes (32, 33). The protein A mitochondrial outer membrane- 
targeting sequence is located in the N-terminal 46 amino acids 
and contains a 19-amino-acid transmembrane domain (TMD) 
(32), The presence of a single essential viral protein, a defined 
N-terminal targeting sequence, and the intracellular localiza- 
tion of viral RNA replication complexes to a single organelle 
all make FHV an attractive model to investigate whether viral 
RNA replication complexes can be retargeted to an alternative 
intracellular membrane. 

In this report, we show that FHV RNA replication com- 
plexes can be retargeted from the mitochondria to the ER via 
the introduction of chimeric sequences into the protein A 
N-terminal region. In addition, FHV RNA replication com- 
plexes retargeted to the ER are functional in vivo and in vitro 
and have enhanced RNA synthesis activity compared to mito- 
chondriaily targeted replication complexes. 

MATERIALS AND METHODS 

Yeast strain and plasmids. The haploid yeast strain BY4742 (MATa. hisJ^J 
leu2^0 tiraJtiO) was used for all experiments. Yeast cells were transformed, 
cultured, and induced with galactose as previously described (32) unless other- 
wise indicated. Standard molecular biology procedures were used for all cloning 
steps, and all products generated by PCR or with synthesized oligonucleotides 
were verified by automated sequencing. Plasmids pFA and pFl,-, have been 
previously described (27, 32, 38). For the present experiments, we changed pFlf, 
from a /f/.S'.?-selectable yeast 2\Lm plasmid to a centromeric plasmid based on the 
pRS31 3 backbone (laboratory designation, pFHYlf^) to provide better control of 
plasmid copy number and stability. Plasmid pFA-del was generated by PCR with 
oligonucleotides designed to delete protein A amino acids 2 to 35 and insert a 
unique BspE\ site. We generated chimeric protein A expression plasmids from 
pFA-dei using mutually primed extension of overlapping nucleotides with flank- 
ing BspB\ sites. Inserted sequences and pla.smid designations of chimeric protein 
A expression plasmids are shown in Fig. lA and described in Results below. 

Antibodies. Mouse monoclonal antibodies (MAbs) against cytochrome oxi- 
dase subunit 111 (CoxllI). mitochondrial porin, dolichyl-phosphate (B-D-manno- 
syliranjiferase (DPM), 3-pho.sphoglycerate kina.se (PGK), vacuolar ATPase, and 
Oregon Green 488-labeled concanavalin A were from Molecular Probes (Eu- 
gene, Oreg.). All secondary antibodies for immunoHuorescence and immuno- 
blotting were from Jackson Immunore.search (West Grove, Pa.). Rabbit poly- 
clonal anti.scra against FHV protein A has been described previously (33). 
Mouse MAbs against FHV protein A were generated from mice immunized with 
a protein A-enriched insoluble pellet fraction from lysates of Escherichia coli 
BL2l-Codon Plus (RIL) cells transformed with the expression vector pET- 
FHVPA (33). Hybridoma supcrnaiants were screened for protein A reactivity by 
enzyme-linked immunosorbent a.ssay using lysates from mock- and FHV-infected 
Drosophila S2 cells, and MAb specificity was confirmed by immunoblot and 
immunofluorescence analyses. The protein A epitope specificities of three hy- 
bridomas were further characterized by immunoblotting with lysates from yeast 
cells expressing protein A deletion mutants (32). The epitope for clones 
2-2.2.2.5.3 and 3-4.1.1.2 was located between protein A amino acids 99 and 230, 
whereas the epitope for clone 2-1.1.2.4.8 was located between amino acids 230 
and 399. Pooled ascites fluid from all three clones was used for immunoblot 
analyses. 

RNA and protein analyses. Total RNA i.solation. Northern blot analyses and 
quantitation, protein isolation, and immunoblot analyses and quantitation were 
done as previously described (32). Cell lysates were fractionated by flotation in 
Nycodenz gradients as previou.sly described (32) with several modifications. To 
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FIG. 1. (A) Chimeric FHV protein A sequences and plasmid des- 
ignations. A schematic of protein A with the viral RdRp motif region 
represented by the solid bar is shown on top for reference. The core 
predicted protein A TMD from Leu 17 to Ser 35 is underlined (32). 
The hydrophobic-to-hydrophilic amino acid mutations in pFA-mut are 
also underlined. The unique BspEl site used to generate the chimeric 
protein A constructs introduced a Ser-Gly at the insertion sequence 
junctions (shown in boldface). The dashes indicate no amino acids and 
are included for alignment purposes. (B) Schematic of plasmid-di- 
rected FHV RNA replication in yeast. RNAl templates with authentic 
viral 5' and 3' termini are generated from pFl,^ through precise place- 
ment of the GALI promoter start site and a hepatitis 8 ribozyme (Ri), 
respectively, and the frameshift at the indicated location disrupts trans- 
lation. The GALI leader (L) and CYCI polyadenylation signal (AJ 
flanking the protein A open reading frame (ORF) in pFA or deriva- 
tives thereof disrupt its activity as a viral RNA replication template but 
enhance its RNA polymerase Il-directed transcription and translation. 
pFA-derived protein A (ptnA) subsequently directs RNAl replication 
and subgenomic (sg) RNA3 synthesis from an RNAl template tran- 
scribed from pFlfc. 



avoid rapid FHV protein A and RNA degradation during spheroplast prepara- 
tion, yeast cells were disrupted by mechanical shearing with glass beads for 1 min 
at 4*'C in the presence of a yeast protease inhibitor cocktail (Sigma, Si. Uniis, 
Mo.) and the RNase inhibitor RNasin prior to equilibrium density gradient 
centrifugal ion. Two equal-volume fractions were taken — one from the visible 
membrane layer at the upper 5 to 35% Nycodenz interface and the other from 
the lower region where the cell lysale was loaded — and designated the low- 
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density (LD) and high-density (HD) fractions, respectively (32). Tlie total pro- 
tein concentration of each fraction was determined by Bradford assay using 
bovine serum albumin as the standard, and total protein was equalized for 
immunoblot and in vitro RdRp analyses. In vitro RdRp assays were done as 
previously described (58) with several modifications. Reaction mixtures contain- 
ing LD or HD fractions plus 50 mM Tris (pH 8.0); 50 mM potassium acetate; 15 
mM magnesium acetate; 5 fig of actinomycin D/ml; 40 U of RNasin/jxl; 1 mM 
(each) ATP, GTP, and CTP; 50 UTP; and 10 i^Ci of ['^PJUTP in a 25-^1 
total volume were incubated for 3 h at 26*0. extracted once with phenol-chlo- 
roform, desalted with Sephadex G-50 columns, and analyzed in 1.2% nondena- 
turing agarose gels. 

Immunofluorescence and EM. Confocal immunolluorescence and transmis- 
sion electron microscopy (EM) analyses were done as previously described (32, 
51). 



RESULTS 

Retargeting sequence selection and FHV RNA replication in 
yeast. We previously found that the N-terminal 46 amino acids 
of FHV protein A functioned as a mitochondrial outer mem- 
brane-targeting sequence (32). To investigate whether protein 
A and FHV RNA replication complexes could be retargeted to 
the ER, we constructed a series of chimeric protein A expres- 
sion plasmids (Fig. 1 A). Previous mapping studies showed that 
deletion of amino acids 9 to 45 disrupted protein A in vivo 
RdRp activity (32). Thus, we replaced the N-proximal region 
located between the initiator Met and Lys 36, the amino acid 
immediately downstream of the protein A TMD (32). For 
controls, we constructed pFA-del, in which amino acids 2 to 35 
were deleted; pFA-mut, in which the protein A TMD hydro- 
phobic amino acids Leu, Val, and lie were mutated to the 
hydrophilic amino acids Asn, Asp, and Glu, respectively; and 
pFA-T70, in which wild-type (wt) protein A amino acids 2 to 35 
were replaced with the outer mitochondrial membrane-target- 
ing sequence from the yeast import receptor protein Tom70 
(31). We initially searched for well-characterized ER-targeting 
sequences that contained an N-proximal TMD and were -30 
to 40 amino acids in length, similar in size to the deleted wt 
protein A region in pFA-del. Few sequences fulfilled these 
criteria, and thus, we expanded the search to include inverted 
C-proximal TMDs, based on the observation that membrane 
targeting of some yeast proteins depends on the TMD length 
and composition but not the precise sequence (40). We chose 
three ER-targeting sequences: (i) inverted amino acids 561 to 
591 from the C terminus of the hepatitis C virus (HCV) NS5B 
protein (48), (ii) amino acids 1 to 34 from the N terminus of 
yeast NADP cytochrome P450 oxidoreductase (54), and (iii) 
inverted amino acids 326 to 346 from the C terminus of the 
yeast t-SNARE Ufelp as modified by Rayner and Pelham (40). 
These sequences were inserted between wt protein A amino 
acids 1 and 36 to generate plasmids pFA-HCV, pFA-P450, and 
pFA-Ufel, respectively (Fig. lA). 

For all experiments, unless otherwise indicated, yeast cells 
were cotransformed with pFA or derivatives thereof to provide 
protein A expression and with pFl^v, to provide an RNAl 
template for FHV RNA replication in trans (Fig. IB) (27, 32, 
38). All plasmids expressed protein A or RNAl from the 
galactose-inducible, glucose-repressible GALJ promoter. The 
RNAl transcribed from the plasmid pFl^ contains authentic 
FHV 5' and 3' termini and thus can serve as a template for 
viral RNA replication but cannot be translated due to a 4-nu- 
cleotide frameshifting insertion in the 5' coding region (38). 



During RNA replication via a full-length genomic negative- 
sense (-)RNAl intermediate, FHV produces a subgenomic, 
positive-sense (+)RNA3 that is colinear with the 3' end of 
genomic (+)RNA1 (4). Thus, both genomic (-)RNAl and 
subgenomic (+)RNA3 syntheses provide quantitative mea- 
surements of protein A-dependent FHV RNA replication. 

Retargeted protein A chimeras localize to the CR. We used 
confocal immunofluorescence microscopy to examine the in- 
tracellular localization of protein A in yeast (Fig. 2). Consistent 
with previous observations (32), mitochondria from control 
yeast showed a peripheral distribution (Fig. 2A, top row), 
whereas mitochondria from yeast expressing pFA showed a 
clustered distribution that colocalized with protein A immu- 
nofluorescence (Fig. 2A, second row). Mitochondria from 
yeast expressing pFA-T70 also showed a clustered distribution 
that partially colocalized with protein A immunofluorescence, 
although the clustering was often not as prominent as that seen 
with wt protein A (data not shown). In contrast to pFA and 
pFA-T70, mitochondria from yeast expressing pFA-HCV 
showed a normal peripheral distribution that was distinct from 
the protein A immunofluorescence pattern (Fig. 2A, third 
row). The protein A distribution in yeast expressing pFA-HCV 
was predominantly centralized and perinuclear, similar to the 
distribution of the ER-targeted brome mosaic virus la and 2a 
replicase proteins in yeast (11, 41). A similar, largely perinu- 
clear-type protein A distribution was seen in yeast expressing 
pFA-P450 (Fig. 2A, fourth row) or pFA-Ufel (Fig. 2A, bottom 
row). Immunofluorescence microscopy using a yeast ER 
marker confirmed that chimeric protein A localized to the ER 
in yeast expressing pFA-HCV (Fig. 2B, top row), pFA-P450 
(Fig. 2B, second row), or pFA-Ufel (Fig. 2B, bottom row). As 
a control for other intracellular membrane compartments, im- 
munofluorescence microscopy showed no significant localiza- 
tion of chimeric protein A to vacuoles in yeast expressing 
pFA-HCV (Fig. 2C, top row), pFA-P450 (Fig. 2C, bottom 
row), or pFA-Ufe-1 (data not shown). Thus, chimeric FHV 
protein A with specifically selected targeting sequences derived 
from the HCV NS5B polymerase, the yeast NADP cytochrome 
P450 oxidoreductase, or the yeast t-SNARE Ufelp localized to 
the ER in yeast. 

ER-targeted protein A chimeras increase FHV RNA synthe- 
sis in vivo. We analyzed FHV-specilic RNA accumulation by 
Northern blot analyses to compare FHV RNA replication in 
yeast expressing wt protein A and in ER-targeted chimeras 
(Fig. 3). Both subgenomic (+)RNA3 (Fig. 3A, top blot) and 
(-)RNAl template (Fig. 3A, bottom blot) accumulations were 
increased in yeast cells expressing pFA-T70, pFA-HCV, pFA- 
P450, and pFA-Ufel. The increase in viral RNA accumulation 
was not due to increased FHV RNA polymerase expression, as 
protein A accumulations were similar in all constructs (Fig. 
3B), Compared quantitatively to yeast expressing pFA, 
( + )RNA3 accumulation increased 5- to 11 -fold and (-)RNAl 
accumulation increased 2- to 12-fold in yeast cells expressing 
pFA-HCV, pFA-P450, and pFA-Ufel (Fig. 3C). The largest 
increases in FHV RNA accumulation were seen with pFA- 
T70, pFA-HCV, and pFA-P450, whereas pFA-Ufel showed a 
smaller, although still significant, increase. In contrast to sub- 
genomic (+)RNA3 and genomic template (-)RNAl accumu- 
lation, genomic (+)RNA1 accumulation was either unchanged 
or only slightly higher in yeast cells expressing pFA-T70, pFA- 
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HCV, pFA-P450, and pFA-Ufel (Fig. 3C). Genomic 
(+)RNA1 accumulation reflects both FHV RNA replication 
and replication-independent yeast RNA polymerase Il-di- 
rected transcription from plasmid DNA (Fig. IB). We con- 
cluded from these data, in conjunction with the confocal-im- 
munolluorescence results described above (Fig. 2), that FHV 
RNA replication complexes retargeted to the ER were active 
in vivo. Thus, FHV RNA replication complexes do not require 
a unique intracellular membrane for in vivo activity in yeast. 

The increased RNA replication in yeast cells expressing 
pFA-T70, pFA-HCV. pFA-P450, and pFA-Ufel was not sim- 
ply due to a change in the protein A TMD, as genomic 
(-)RNAl and subgenomic (+)RNA3 accumulations in yeast 
expressing pFA-mut were negligible (Fig. 3). We changed the 
hydrophobic amino acids within the protein A TMD to hydro- 
philic amino acids in pFA-mut based on the hypothesis that a 
hydrophobic TMD was necessary for in vivo protein A RdRp 
activity. However, (+)RNA3 accumulation unexpectedly de- 
creased only 40% in yeast expressing pFA-del compared to 
that in yeast expressing wt protein A, whereas (-)RNAl ac- 
cumulation increased almost twofold (Fig. 3). This suggests 
that the protein A N-terminal 35 amino acids are not essential 
for RdRp activity and that potential changes in secondary or 
tertiary structure may have been responsible for the absent in 
vivo RdRp activity with pFA-mut. Confocal immunofluores- 
cence studies showed that protein A in yeast expressing pFA- 
del had a more diffuse distribution that did not colocalize with 
mitochondria (data not shown), similar to previously described 



FIG. 2. Chimeric protein A is retargeted to the ER. (A) Yeasts 
expressing pFlf,. plus a control plasmid lacking the protein A open 
reading frame (top row), pFA (second row), pFA-HCV (third row), 
pFA-P450 (fourth row), or pFA-UfeJ (bottom row) were immuno- 
stained with rabbit anti-protein A (Ptn A) and mouse anti-CoxIII for 
mitochondria (mito), followed by Texas red-labeled goat anti-rabbit 
and fluorescein isothiocyanate-labeled goat anti-mouse secondary an- 
tibodies. Representative images for CoxIII (left; green), protein A 
(middle; red), and merged signals (right) are shown. The merged 
Images represent a digital superimposition of red and green signals in 
which areas of fluorescence colocalization are yellow. The images for 
pFA-HCV (third row) are shown at approximately twice the magnili- 
cation of the other immunofluorescence images. (B) Yeast cells ex- 
pressing pFlf^ plus pFA-HCV (top row), pFA-P450 (middle row)» or 
pFA-Ufel (bottom Vow) were immunostained with rabbit anti-protein 
A and Oregon Green 488- labeled concanavalin A, followed by Texas 
red-labeled goat anti-rabbit secondary antibodies. Representative con- 
focal images for conconavalin A (left; green), protein A (middle; red), 
and merged signals (right) are shown. The images for pFA-Ufel (bot- 
tom row) are shown at approximately twice the magnification of the 
other immunofluorescence images. Concanavalin A is a lectin that 
selectively binds a-mannopyranosyl and a-glucopyranosyl residues. 
Initial experiments demonstrated that the fluorescence pattern of con- 
canavalin A reactivity in yeast colocalized with the immunofluores- 
cence pattern of Kar2p, a yeast ER-resident protein (data not shown). 
(C) Yeast cells expressing pFl ^^ plus pFA-HCV (lop row) or pFA- 
P450 (bottom row) were immunostained with rabbit anti-protein A 
and mouse anti-vacuolar ATPase for vacuoles (Vac), followed by 
Texas red-labeled goat anti-rabbit and fluorescein isothiocyanate-la- 
beled goat anti-mouse secondary antibodies. Representative confocal 
images for vacuolar ATPase (left; green), protein A (middle; red), and 
merged signals (right) are shown. The images Ibr pFA-P450 (bottom 
row) are shown at approximately twice the magnification of the other 
immunofluorescence images. 
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FIG. 4. ER-targeted protein A (Ptn A) chimeras maintain in- 
creased FHV RNA accumulation in vivo after 72 h of induction. Total 
RNA from equivalent numbers of cells was separated by electrophore- 
sis and blotted with a •^'^P-labeled complementary riboprobe that de- 
lected ('f)RNAl and ( + )RNA3. Duplicate representative samples 
from yeast cells expressing pFlf,. plus pFA, pFA-HCV, or pFA-P45U 
are shown. 



protein A mutants with N-proximal deletions (32), Neverthe- 
less, some protein A mutants with N-proximal deletions that 
include the TMD still maintain 40 to 60% membrane associ- 
ation (32). Thus, the retained in vivo RdRp activity of pFA-del 
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FIG. 3. ER-targeted protein A chimeras increase FHV RNA accu- 
mulation in vivo, (A) Viral RNA accunnulation in yeasts expressing 
pFlfs plus the indicated protein A (Ptn A) expression plasmids. The 
lane labels correspond to the plasmid designations shown in Fig. I A. 
Total RNAs from equivalent numbers of cells were separated by elec- 
trophoresis and blotted with ^^P-labeled complementary riboprobes 
that corresponded to nucleotides 2718 to 3064 from FHV RNAl (38). 
Note that RNA3 is colinear with the 3' end of RNAl (13, 17) and thai 
the probe sequence is present in both RNAs. Control Northern blots 
comparing known amounts of RNAl and RNA3 in vitro transcripts 
showed that, with the probes and the transfer and hybridization con- 
ditions used, there was no significant difference between the detection 
efficiencies of RNAl and RNA3. Thus, the band intensities reflect the 
molar ratios of RNAl and RNA3. The riboprobes were either in the 
antisense or sense orientation and detected ( + )RNA1 and ( + )RNA3 
(upper blot) or (-)RNAl and (-)RNA3 (lower blot), respectively. 
The positions of RNAl and RNA3 are shown on the right. The 
ethidium bromide-stained band of 25S rRNA is shown below the blots 
as a loading control. The asterisk indicates the position of a back- 
ground band seen prominently in yeast expressing template only but 
also present to a lesser extent in all samples. This band was not present 
in total RNA preparations from FHV-infected Drosophila cells, 
whereas the (~)RNA1 -labeled band was present (not shown). Sub- 
genomic (-)RNA3 is produced in yeast replicating FHV RNA and in 
FHV-infected Drosophila cells and may function as a template for 
subgenomic ( + )RNA3 synthesis (27, 38). (B) FHV protein A accumu- 
lation in yeast expressing pFI^ plus protein A expression plasmids. 
Total protein from equivalent numbers of cells was separated by elec- 
trophoresis and blotted with rabbit anti-protein A antiserum. The 
anti-PGK immunoblot is shown as a loading control. (C) Quantitative 
analysis of (+)RNA1, ( + )RNA3, and (-)RNAl accumulation. North- 
ern blots were quantitated by phosphorimager analysis, and the results 
are expressed as the increase (/i-fold) over yeast expressing pFl,^ plus 
pFA. The horizontal line at I is placed for reference to the wi control. 
Averages and standard errors of the mean of at least three Indepen- 
dent experiments are shown. 
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could be due to either residual membrane association or mem- 
brane-independent FHV RNA replication complex activity. 
The latter hypothesis is consistent with the observation that 
FHV negative-strand templates can be produced in vitro in the 
absence of membranes or phospholipids (57, 58). The obser- 
vation that pFA-del retained some in vivo RdRp activity de- 
spite the lack of clear mitochondrial localization supports the 
conclusion that FHV RNA replication complexes do not re- 
quire a unique intracellular membrane in yeast. 

Effects of yeast growth and induction kinetics on viral RNA 
synthesis in yeast expressing chimeric protein A. To assess 
whether the increased FHV RNA synthesis in yeast expressing 
chimeric protein A might have been due to a slowing of yeast 
growth, thus allowing more time for viral RNA accumulation 
per cell before cell division, we measured doubling times over 
the entire 24-h induction period. When grown in selective 
medium with galactose, yeast expressing pFA plus pFlfj. dou- 
bled every 9.7 ± 0.4 h (mean ± standard error of the mean), 
compared to 9.3 ± 1.2 h for control yeast. Doubling times were 
not significantly different in yeast cells expressing pFA-del (9.5 
± 0.7 h), pFA-mut (10.7 ± 0.8 h), pFA-HCV (8.5 ± 0.2 h), 
pFA-P450 (9.4 ± 0.2 h), or pFA-Ufel (9.3 ± 0.5 h) when 
compared to those of yeast cells expressing pFA. In contrast, 
the doubling time in yeast expressing pFA-T70 was increased 
almost twofold to 17.7 ± 1.6 h (/^ < 0.0004 compared to pFA), 
which may explain the increased ( + )RNA3 and (-)RNAl 
accumulation seen in these yeast cells (Fig. 3). However, dif- 
ferences in yeast growth kinetics did not explain the increased 
FHV RNA accumulation in yeast expressing ER-localized 
pFA-HCV, pFA-P450, or pFA-Ufel. 

We also explored the impact of the induction period on 
FHV RNA accumulation in yeast cells expressing pFl^ plus 
pFA, pFA-HCV, or pFA-P450. Expression of FHV protein A 
and RNAl replication templates was induced in selective me- 
dium with galactose, and the yeast cells were passed every 24 h 
into new media to maintain exponential growth and analyzed 
72 h after induction (Fig. 4). FHV RNA accumulation after a 
72-h induction was still increased in yeast expressing pFA- 
HCV or pFA-P450 compared to that in yeast expressing pFA, 
but the increase was less than that seen after the shorter 24-h 
induction period. Subgenomic (+)RNA3 accumulation in 
yeast expressing pFA-HCV or pFA-P450 was increased 2.5- ± 
0.2- or 3.0- ± 0.2-fold, respectively, over yeast expressing pFA. 
Thus, enhanced FHV RNA synthesis kinetics or RNA stability 
may explain part of the increased FHV RNA accumulation in 
yeast expressing retargeted protein A. 

ER-targeted FHV protein A chimeras are membrane asso- 
ciated and have increased in vitro RdRp activities. FHV pro- 
tein A is membrane associated in infected Drosophila cells (33) 
and in yeast transformed with protein A expression vectors 
(32). To determine whether the ER-targeted protein A chime- 
ras were also membrane associated, we used equilibrium den- 
sity gradient centrifugation to examine the flotation behavior 
of protein A from yeast expressing pFl^v, plus pFA, pFA-HCV, 
or pFA-P450 (Fig. 5A). As an additional control for subse- 
quent in vitro RdRp assays, we also examined yeast cells ex- 
pressing pFA alone, which produce protein A but do not sup- 
port FHV RNA replication (27, 32, 38). Protein A from yeast 
cells expressing pFA, pFA-HCV, and pFA-P450 fractionated 
almost exclusively into the membrane-enriched LD fraction 
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FIG. 5. ER-targeted protein A (Ptn A) chimeras are membrane- 
associated and have enhanced in vitro FHV RdRp activities. (A) Equi- jo 
librium density gradient fractionation of lysates from yeast cells ex- X 
pressing pFlf^ alone (none), pFA alone [wt (-)], or pFl,, plus pFA *g 
(wt), pFA-HCV, or pFA-P450. Equal amounts of total protein from "g 
both LD and HD fractions were separated by sodium dodecyl sulfate- 
polyacrylamide gel electrophoresis and immunoblotted with mouse =3 
MAbs to protein A, PGK, DPM, or porin. Loading equal amounts of 2 
total protein resulted in an overrepresentation of individual proteins in <o_ 
the LD fraction relative to the HD fraction, thus exaggerating the "g 
residual PGK signal in the LD fraction. Protein A appears as a doublet w 
in immunoblols of equilibrium gradient fractions, where the lower S. 
band represents a C-terminal degradation product (32). (B) In vitro S 
RdRp assay of equilibrium density gradient fractions. Equal amounts .i~ 
of total proteins from both LD and HD fractions were incubated with ^ 
[^^PJUTP and unlabeled ribonucleotides, and the. reaction products 
were separated by nondenaturing agarose gel electrophoresis. The 
positions of in vitro-transcribed ssRNAI and ssRNA3 are shown on 
the left. The major reaction products corresponding to ssRNAl, ss- 
RNA3, and presumed replicative intermediate dsRNAl (arrow) were 
quantitated by phosphorimager analysis in three independent experi- 
ments, and the numbers represent the increases (/i-fold) in total ra- 
diolabeled products relative to the LD fraction of yeast expressing 
pFl,yi plus pFA. 

(Fig. 5A). The ER membrane protein DPM and the mitochon- 
drial outer membrane porin protein were also present exclu- 
sively in the LD fraction, whereas the soluble cytosolic protein 
PGK partitioned predominantly into the membrane-depleted 
HD fraction. Thus, ER-targeted protein A chimeras were 
membrane-associated, consistent with the presence of TMDs 
in the sequences chosen to retarget protein A to the ER (Fig. 
lA). 

To assess the in vitro activities of ER-targeted protein A 
chimeras, LD and Hd fractions from flotation gradients were 
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FIG. 6. FHV protein A expression and RNA replication induces distinct ultrastructural membrane alterations in yeast. (A) Electron micro- 
graph of yeast expressing pFl,v, only, showing normal nucleus (Nu), cell wall (CW), and mitochondria seen in longitudinal (black arrowhead) and 
transverse (white arrowhead) sections. (B) Electron micrograph of yeast expressing pFA only, showing clustering of membrane-bounded organelles 
(asteri.sks), (C) Electron micrograph of yeast expressing pFlf^ plus pFA, showing clustered membrane-bounded organelles plus electron-dense 
structures (arrows). (D) Electron micrograph (higher magnification) of membrane-bounded structures projecting into the organelle lumen of yeast 
expressing pFl,;^ plus pFA. Cyto, cytoplasm. (E) Electron micrograph of yeast expressing pFlf^ plus pFA-HCV, showing perinuclear membrane 
layers (arrows). V, vacuole. (F) Electron micrograph (higher magnification) of perinuclear membrane layers in yeast expressing pFl,s plus 
pFA-HCV, showing an irregular appearance. Bars = 500 (A, B, C, and E), 100 (D), and 150 (F) nm. 



equalized for total protein content and used for in vitro RdRp 
assays (Fig. 5B). No exogenous FHV RNA template was added 
to the RdRp reactions, and thus, any in vitro activity in the 
gradient fractions represented functional replication com- 
plexes that contained protein A, template FHV RNA, and any 
accompanying host factors. Gradient fractions from yeast ex- 
pressing either pFI,.. or pFA alone showed only faint high- 
molecular-weight reaction products, predominantly in the HD 
fractions. In contrast, the LD fractions from yeast expressing 
pFl,, plus pFA, pFA-HCV, or pFA-P450 showed distinct re- 
action products that comigrated with in vitro-transcribed sin- 
gle-stranded (ss) FHV RNAl and RNA3. The most prominent 
RdRp product migrated more slowly than ssRNAl (Fig. 5B, 
arrow) and likely represented double-stranded (ds) RNAl, 
which is a replicative intermediate and the primary reaction 
product previously described in in vitro FHV RdRp assays (57, 
58), 

The in vitro RdRp activities of LD fractions from yeast cells 
expressing pFA-HCV and pFA-P450 were significantly greater 

than that of yeast cells expressing pFA. When expressed as an 
increase over pFA, the production levels of ssRNAl, ssRNA3, 



and the presumed replicative intermediate dsRNAl in LD 
fractions from yeast cells expressing pFA-HCV were increased 
6.4- ± L4-, 9.8- ± L9-, and 8.5- ± Ll-fold, respectively. For 
yeast expressing pFA-P450, these increases were 5,7- ± L4-, 
8.6- ± L8-, and 93- ± L3-fold. The increased in vitro RdRp 
activity was not due to increased protein A accumulation, as 
LD fractions from yeast cells expressing pFA, pFA-HCV, and 
pFA-P450 contained similar levels of protein A (Fig. 5 A, upper 
blot). Thus, the in vitro RdRp activities of ER-targeted protein 
A chimeras mirrored their increased in vivo activities (Fig. 3). 

FHV replication complexes targeted to mitochondria or the 
ER induce distinct ultrastructural membrane alterations in 
yeast. FHV infection of Drosophila cells induces distinct mito- 
chondrial alterations, including mitochondrial clustering and 
the formation of 40- to 60-nm-diameter membrane-bounded 
spherical invaginations into the mitochondrial intermembrane 
space (33). Similar spherical membrane structures have been 
seen with a number of other positive-strand RNA viruses (7, 
15, 18, 19, 24, 28, 51), and the localization of both viral repli- 
case proteins and nascent viral RNA synthesis to these struc- 
tures indicates that they are the intracellular sites of viral RNA 
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replication complexes. To determine whether ultrastructurai 
membrane changes similar to those in FHV-infected Drosoph- 
ila cells (33) were also present in yeast cells replicating FHV 
RNA and to examine potential membrane changes induced by 
ER-targeted protein A chimeras, we used transmission EM to 
analyze yeast expressing pFA alone, pFlf^ plus pFA, or pFA- 
HCV (Fig. 6). Compared to control yeast (Fig. 6A), yeast 
expressing pFA alone showed a proliferation of intracellular 
membranes and a marked clustering of membrane-bounded 
organelles (Fig. 6B). These structures were often located asym- 
metrically within cells and adjacent to nuclei, and normal- 
appearing mitochondria were not readily visible. A similar 
proliferation and ultrastructurai appearance of intracellular 
membranes has been described in yeast expressing the mito- 
chondrial-targeted Carnation Italian ringspot virus (CIRV) 36- 
kDa replicase protein (43). Yeast cells expressing pFlfj. plus 
pFA had a similar appearance, with clustered membrane- 
bounded organelles (Fig. 6C). In addition, electron-dense 
structures were often visible along the clustered membranes 
(Fig. 6C), which at higher magnification appeared as tightly 
compressed membrane-bounded circular or ellipsoid struc- 
tures (Fig. 6D), These structures protruded into the lumen of 
the organelle and had diameters of 30 to 50 nm, similar to the 
mitochondrial spherules located in the intermembrane spaces 
of FHV-infected Drosophila cells (33), However, the double 
external membrane and internal cristae that are characteristics 
of mitochondria were not readily apparent in the wt-protein 
A-induced clustered membrane structures in yeast. Neverthe- 
less, the absence of normal mitochondria, the confocal immu- 
nofluorescence results demonstrating the localization of wt 
protein A to mitochondria in yeast (32) (Fig. 2A), and the 
similar ultrastructurai appearances of FHV-infected Drosoph- 
ila cells (33) and yeast expressing the CIRV 36-kDa replicase 
protein (43) suggest that the clustered membrane-bounded 
organelles in yeast expressing wt FHV protein A were mito- 
chondria. 

The ultrastructurai appearance of the membrane alterations 
in yeast expressing pFlfj, plus pFA-HCV were significantly 
different than that in yeast cells expressing wt protein A. Mem- 
brane proliferation was localized primarily to the perinuclear 
region (Fig. 6E), consistent with the confocal-immunolluores- 
cence results that showed localization of chimeric protein A to 
the perinuclear ER (Fig. 2B). The number of membrane layers 
adjacent to the nucleus varied from three to more than six, and 
they often almost completely surrounded the nucleus. Al- 
though spherule-like structures were not readily evident, high 
magnification often demonstrated an irregular appearance of 
the perinuclear membrane layers (Fig. 6F), suggesting the 
presence of possible underlying structures not readily visible 
under the fixation conditions used. Similar perinuclear layers 
have been observed under some conditions for yeast replicat- 
ing brome mosaic virus RNA (M. D. Schwartz, J. Chen, W. M. 
Lee, and P. Ahlquist, unpublished data). Thus, the EM ultra- 
structural studies were consistent with the confocal-immuno- 
fluorescence results (Fig. 2) and suggested that structural dif- 
ferences between mitochondrial- and ER-targeted FHV 
replication complexes, or their associated membranes, may 
have contributed to the functional differences observed both in 
vivo (Fig. 3) and in vitro (Fig. 5). 



DISCUSSION 

In this report, we investigated the roles of alternative intra- 
cellular membranes in the formation and function of viral 
RNA replication complexes by retargeting FHV protein A to 
the ER. We drew three main conclusions. First, the introduc- 
tion of engineered sequences from the HCV NS5B polymer- 
ase, the yeast NADP cytochrome P450 oxidoreductase, or the 
yeast t-SNARE Ufelp into the N terminus of protein A retar- 
geted the FHV RNA polymerase from the mitochondria to the 
ER. Second, ER-targeted FHV RNA replication complexes 
were active in vivo and in vitro. Third, ER-targeted FHV RNA 
replication complexes had enhanced RNA synthesis activity 
compared to replication complexes targeted to mitochondria. 
These observations indicate that unique intracellular mem- 
branes are not required for FHV RNA replication complex 
formation and function and suggest that any membrane-asso- 
ciated host functions required for FHV RNA replication com- 
plexes are provided either by a factor or factors present on 
multiple membranes or by distinct, membrane-specific factors 
with similar functions. The ability of FHV to replicate its RNA 
on two different intracellular-membrane compartments in 
yeast makes it a potentially valuable tool to investigate the 
contributions of host membranes and other host factors to 
RNA replication complex assembly and function. The natures 
and functions of known host factors involved in positive-strand 
RNA virus genome replication have recently been reviewed 
(1). 

The demonstration that FHV RNA replication complexes 
can be retargeted is consistent with the results of a previous 
study that suggested tombusvirus RNA replication complexes 
could be retargeted (10). Tombusviruses are positive-strand 
RNA viruses of plants whose infections are associated with the 
formation of membranous cytoplasmic inclusions called mul- 
tivesicular bodies. These structures form on mitochondria or 
peroxisomes, respectively, in plants infected with the tombus- 
viruses CIRV and cymbidium ringspot virus (45). Multivesicu- 
lar bodies are surrounded by multiple 80- to 150-nm-diameter 
vesicles that contain RNA, as detected by RNase susceptibility 
(15), and viral replicase proteins (9), and thus they are thought 
to represent the sites of tombusvirus RNA replication. Mul- 
tivesicular-body localization is dependent on determinants en- 
coded by the 5'-terminal region of the tombusvirus genome. 
Replacement of 600 nucleotides from the 5' region of the 
CIRV genome with a similar region from the cymbidium ring- 
spot virus genome changes the localization of multivesicular 
bodies from mitochondria to peroxisomes (10), FHV and 
CIRV show several similarities, including the normal mito- 
chondrial localization of viral RNA replication complexes and 
the formation of outer mitochondrial membrane spherules (15, 
33) and the presence of TMDs within the mitochondrial local- 
ization sequence of the replicase protein responsible for intra- 
cellular targeting (32, 44, 55). In addition, both FHV and 
CIRV can replicate viral RNA in yeast and induce the forma- 
tion of similar intracellular-membrane structures (34, 37-39, 
43) (Fig. 6). Further retargeting studies with FHV, CIRV, and 
other positive-strand RNA viruses may identify broadly appli- 
cable principles that define the interactions between viral rep- 
licase proteins and host intracellular membranes that are nec- 
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essary for positive-strand RNA virus replication complex 
formation and function. 

We retargeted FHV RNA replication complexes to the ER 
because that membrane compartment is used for viral RNA 
replication complex formation by a number of positive-strand 
RNA viruses (26, 29, 35, 42, 46^8, 51). The effectiveness of 
inverted C-terminal targeting sequences from the HCV NS5B 
polymerase and the yeast t-SNARE Ufelp in retargeting FHV 
RNA replication complexes to the ER was consistent with the 
observation that the TMD amino acid composition and length, 
rather than the specific sequence, are important determinants 
for membrane localization (40). However, our results are not 
consistent with the results of the study by Kanaji et al. that 
showed a correlation between TMD hydrophobicity and intra- 
cellular-membrane localization, in which TMD hydrophobici- 
ties of <2.15 were associated with a mitochondrial localization 
while TMD hydrophobicities of >2.30 resulted in ER or Goigi 
localization (23). There was no correlation between TMD hy- 
drophobicity and intracellular-membrane localization with the 
protein A chimeras used in this study. The wt protein A TMD 
has a hydrophobicity of L96, whereas the inverted HCV NS5B, 
P450 oxidoreductase, and inverted Ufelp TMDs have average 
hydrophobicities of 2.27, 1.19, and 2.18, respectively. One po- 
tential explanation for this apparent discrepancy is that the Lys 
residue immediately downstream of the protein A TMD was 
present in all chimeric constructs (Fig. lA), and the presence 
of charged residues surrounding TMDs can impact intracellu- 
lar localization (23, 25). Alternatively, we cannot exclude the 
possibility that the ER was the default intracellular membrane 
target when protein A was no longer targeted specifically to the 
mitochondrial outer membrane, as we did not attempt t6 re- 
target FHV replication complexes to an alternative intracellu- 
lar membrane other than the ER. 

Previous studies that have examined FHV RNA replication 
in yeast (27, 38) have demonstrated significantly higher sub- 
genomic RNA3/genomic RNAl ratios in yeast expressing wt 
protein A than we found in this report (Fig, 3A and 4). Two 
differences in experimental design potentially contribute to this 
observation. We used the yeast strain BY4742, similar to the 
mapping study that identified the FHV protein A TMD as an 
important mitochondrial localization domain (32), whereas 
Price et al. (38) and Lindenbach et al. (27) used the yeast strain 
YPH500, which at 24 h after induction produces a higher 
subgenomic RNA3/genomic RNAl ratio than BY4742 (P. Mc- 
Dowell and P. Ahlquist, unpublished data). Possibly due to the 
higher growth rate of BY4742, similar differences in sub- 
genomic viral RNA accumulation between these yeast strains 
have been previously observed with brome mosaic virus (D. 
Kushner and P. Ahlquist, unpublished data). In addition, pre- 
vious studies used a high-copy-number 2|xm plasmid for FHV 
RNAl template expression (27, 38), whereas we used a low- 
copy number centromeric plasmid to increase plasmid stabihty 
and reduce potential differences in DNA-dependent FHV 
RNA template expression levels between yeast cells expressing 
wt and ER-targeted protein A. 

The observation that retargeting FHV protein A to ER 
membranes resulted in enhanced in vivo and in vitro RdRp 
activities compared to mitochondrial membrane-associated 
replication complexes was surprising, as nodavirus RNA rep- 
lication is normally extremely robust. For example, in Drosoph- 



ila cells infected with black beetle virus, an alphanodavirus 
whose RNAl sequence shows 99% identity with FHV (4), viral 
RNA synthesis accounts for almost 50% of total RNA synthe- 
sis (17). Infectious-virion production in yeast spheroplasts 
transfected with FHV RNA is similar to that in FHV-infected 
Drosophila cells (39), and FHV RNAl levels per microgram of 
total RNA are similar in infected Drosophila cells and yeast 
expressing pFl (38). These observations suggest that FHV 
RNA replication efficiencies with wt protein A are similar in 
yeast and insect cells. The mechanisms responsible for the 
increased RNA accumulation observed in vivo (Fig. 3) and 
RNA synthesis observed in vitro (Fig, 5) with ER-targeted 
FHV replication complexes are unknown but could involve 
increased speed or efficiency of replication complex assembly, 
template RNA recruitment, or substrate utilization or in- 
creased stability of the template or product RNA: The reduced 
magnitude of the differences in (+)RNA3 accumulation be- 
tween yeast cells expressing wt and ER-targeted protein A 
after prolonged induction (Fig. 4) implies that these differ- 
ences reflect greater shifts in the early kinetics rather than in 
the final accumulation of RNA replication products. The ob- 
served differences in in vitro RdRp activities (Fig. 5B) and 
membrane ultrastructures (Fig. 6) also suggest the possibility 
that FHV RNA replication complexes targeted to mitochon- 
drial or ER membranes may differ in accessibility to the cyto- 
plasm for importing nucleotides or exporting product RNA, in 
host factor composition, or in other characteristics. Further 
experiments are being pursued to explore the underlying 
mechanisms responsible for the unexpected and interesting 
differences revealed by the retargeting of FHV RNA replica- 
tion complexes. 
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The molecular mechanism of hepatitis C vinis(HCV) 
RNA replication is still unknown. Recently, a cell cul- 
ture system in which the HCV subgenomic replicon is 
efficiently replicated and maintained for a long period 
in Huh-7 cells has been established. Taking advantage of 
this replicon system, we detected the activity to synthe- 
size the subgenomic RNA in the digitonin-permeabilized 
replicon cells. To elucidate how and where this viral 
RNA replicates in the cells, we monitored the activity 
for HCV RNA synthesis in the permeabilized replicon 
cells under several conditions. We obtained results sug- 
gesting that HCV replication complexes functioning to 
synthesize the replicon RNA are protected from access 
of nuclease and proteinase by possible cellular lipid 
membranes. We also found that a large part of the rep- 
licon RNA, including newly synthesized RNA, was pres- 
ent in such a membranous structure but a large part of 
each NS protein was not. A small part of each NS protein 
that was resistant to the proteinase action was shown to 
contribute sufficiently to the synthesis of HCV sub- 
genomic RNA in the permeabilized replicon cells. These 
results suggested that a major subcellular site of HCV 
genome replication is probably compartmentalized by 
lipid membranes and that only a part of each NS protein 
forms the active replication complex in the replicon 
cells. 



Infection of hepatitis C virus (HCV)^ is estimated to occur in 
about 3% of the worlds population. HCV infection frequently 
causes chronic hepatitis, which often leads to the development 
of liver cirrhosis and hepatocellular carcinoma after a long 
period (1-3). Current combination therapy with interferon-^ 
and ribavirin, a nucleotide analogue, is effective in many pa- 
tients with chronic hepatitis C (4, 5). There still are, however, 
a lot of patients who do not respond to these treatments. There- 
fore, extensive studies have been performed to develop highly 
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effective anti-HCV drugs. Such a drug, however, has not been 
produced yet, possibly because of the lack of detailed informa- 
tion about the life cycle of this virus, 

HCV is a member of the Flauiviridae family and contains a 
single-strand RNA genome of positive polarity (6). The RNA 
genome is ~9.6 kb in length and consists of a 5 '-untranslated 
region of 341 nucleotides, a large open reading frame encoding 
a single precursor polyprotein of -^3000 amino acids, and a 
3 '-untranslated region of variable length (6-8). The polypro- 
tein is processed by the host and viral proteinases to generate 
at least 10 functional viral proteins: core (C), envelope (E) 1, 
E2, p7, non-structural protein (NS) 2, NS3, NS4A, NS4B, 
NS5A, and NS5B (from the amino- to the carboxyl-terminal) 
(9-12). C, El, and E2 are believed to form viral particles as 
structural proteins, p7 was recently reported to form an ion 
channel-like structure (13, 14). NS molecules have been con- 
sidered to function in the replication of HCV subgenomic RNA 
(15). Using recombinant proteins produced in either bacterial 
or insect cells, the proteinase and helicase activities of NS3 and 
RNA-dependent RNA polymerase activity of NS5B have been 
biochemically characterized (16-20). However, it was not clear 
whether these recombinant proteins function in HCV genomic 
replication as it has been revealed that HCV genomic se- 
quences are highly variable among all isolates and further- 
more, it is unclear whether the genes for these viral enzymes 
were derived from infectious HCV genomes. 

Recently, HCV subgenomic RNA that replicates efficiently 
and is maintained for a long period in the human hepatoma cell 
line Huh-7 was developed and called the HCV subgenomic 
replicon (15). Functional replicons originating from different 
HCV isolates have been reported (15, 21-23). The HCV sub- 
genomic RNA was constructed by replacing the structural and 
part of the non-structural protein-encoding regions (C-NS2) of 
the HCV genome with the neomycin phosphotransferase gene 
ineo' ) and an internal ribosome entry site oi encephalomyocar- 
ditis virus (21). This implies that HCV proteins encoded in this 
subgenomic RNA (NS3-NS5B) are functional and sufficient for 
this RNA replication. In this model system, it has been sug- 
gested that mutations of particular amino acids in the NS 
region enhanced the efficiency of the replication (24-27). It was 
also demonstrated that the existence of the cis-acting elements 
in either the 5'- or 3 '-untranslated regions were required for 
efficient replication (27-29). Recent observations indicated 
that the replication of the replicon RNA could be reproduced in 
vitro using particular cellular fractions from replicon cells (30- 
32). It remains, however, to be elucidated how and where the 
HCV RNA is synthesized in the cells. So, we intended to clarify 
these points using digitonin-treated replicon cells of which 
plasma membranes were permeabilized. This permeabilized 
cell system is often used to monitor several cellular events, 
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such as a nuclear protein transport as well as replication of 
positive-strand RNA viruses. 

Cell biological and biochemical analyses have demonstrated 
that all HCV NS proteins are directly or indirectly associated 
with inner cellular membranes and colocalize on the rough 
endoplasmic reticulum (ER) membranes (33-36). So, we ex- 
pected the active HCV replication complexes to be retained on 
the inner cellular membranes in permeabilized replicon cells. 
In this paper, we report that the functional replication com- 
plexes are retained in permeabihzed replicon cells and its ac- 
tivity is easily detected by using this system. We also obtained 
data suggesting that a part of each NS protein in the cells,, 
which is probably located in a membranous compartment, 
forms the active replication complex and contributes to the 
synthesis of HCV subgenomic RNA. 

EXI^ERIMENTAL PROCEDURES 

Cell Cultures — The human hepatoma cell line Huh-7 was grown in 
Dulbecco's modified Eagle's medium (Invitrogen) supplemented with 
10% fetal bovine serum, 100 units/ml nonessential amino acids (Invitro- 
gen), and 100 fig/ml penicillin and streptomycin sulfate (Invitrogen). 
MH-14 cells were cultured in the same medium with 500 p.^m\ G418 
(GENETICIN, Invitrogen). 

Sequencing Analysis — The nucleotide sequence of the HCV sub- 
genomic replicon RNA in MH-14 cells was determined by reverse tran- 
scription-PCR-based DNA sequencing as described previously (21). 

Plasniid Construction — The plasmid pGEM-NN was constructed by 
inserting the cDNA fragment of the subgenomic replicon from pNNRZ2 
(21) into the TA site of pGEM-T-Easy vector (Promega, Madison, Wl). 
The cDNA fragment was obtained by PGR using the oligonucleotides 
5'-GCCAGCCCCCGATTGGGGGCGACAC-3' and 5'-ACATGATCTG- 
CAGAGAGGCCAG-3' and the plasmid pNNRZ2 as primers and a tem- 
plate, respectively. 

In Vitro Transcription— pGEM-NN was linearized with Pvul or Spel 
for plus or minus strand subgenomic HCV RNA sjmthesis, respectively, 
and used as a template for in vitro RNA synthesis with MEGA script 
Sp6 or T7 kit (Ambion, Austin, TX), respectively. 

Preparation of RNA and Northern Blot Analysis — RNA was ex- 
tracted from cells and a reaction mixture with Sepasol RNA I and II 
super reagent (Nacalai Tesque, Kyoto, Japan), respectively, according 
to the manufacturer's protocol. Northern blot analysis was performed 
as described previously (37). For the preparation of the ^'^P-labeled 
probe, the EcoRI fragment of pNNRZ2 was labeled with a Ready-to-Go 
DNA labeling beads (-dCTP) kit (Amersham Biosciences) in the pres- 
ence of 60 iiC} of [f(-''''*P]dCTP (Amersham Biosciences), 

Western Blotting— The preparation of the cell lysate, SDS-PAGE, 
and immunoblotting were performed as previously described (10). The 
antibodies used in the immunoblotting were those against HCV NS3, 
NS4A (a-NS4A), NS4B (NS4B-52), NS5A Ca-NS5A), NS5B (NS5B-14) 
(21), dihydrofolate reductase (DHFR) (34), BiP/Grp78 (StressGen, 
Victoria, BC. Canada), and Calnexin-NT (StressGen). Anti-NS3 anti- 
body was a gift from Dr. M. Kohara (Tokyo Metropolitan Institute of 
Medical Science). 

Indirect Immunofluorescence — Indirect immunofluorescence analy- 
sis was essentially performed as described previously (38), with minor 
modifications. 1.0 X lO*^ cells were seeded on poly-L-lysine (Sigma)- 
coated coverslips. Three days post-seeding, the cells were fixed with 4% 
paraformaldehyde in phosphate-buffered saline (137 mM NaCl, 2.7 mw 
KCl, 4.3 mM NagHPO^, and 1.4 mM KHj^POj for 30 min at room 
temperature. The cells were treated with pre-chilled 100% methanol for 
10 min at -20 °C after the fixation. In the case of permeabilized cells, 
permeabilization with digitonin followed by washing with buffer B (see 
below) was performed before or after fixation with 4% paraformalde- 
hyde and then the cells were permeabilized completely with chilled 
100% methanol after fixation. The antibodies against NS5A (a-NS5A), 
NS5B (NS5B-12), and protein-disulfide isomerase (StressGen) were 
used as primary antibodies. NS5B-12 was a gift from Dr. M. Kohara 
(Tokyo Metropolitan Institute of Medical Science). The fluorescent sec- 
ondary antibodies were Alexa 568 goat anti-mouse IgG (H+L) and 
Alexa 488 goat anti-rabbit IgG (H+L) conjugates (Molecular Probes, 
Eugene, OR), The nucleus was visualized by staining with 4',6-dia- 
midino-2-phenylindole. All imaging experiments were performed on a 
Leica SP2 confocal microscope (Leica Microsystems, Germany). 

Cell Permeabilization and Synthesis of HCV Subgenomic RNA— 
Cells of about 80% confluency in 12- or 6-well plates were precultured 



in complete Dulbecco's modified Eagle's medium containing 5 /xg/ml 
actinomycin D (Nacalai Tesque) for 2 h, then washed with cold buffer B: 
20 mM HEPES-KOH (pH 7.7 at 27 "0, 110 mM potassium acetate, 2 mM 
magnesium acetate, 1 mw EGTA, and 2 mM dithiothreitol. The cells 
were permeabilized by incubation in buffer B containing 50 ^g/ml 
digitonin for 5 min at 27 "C and the reaction was stopped by washing 
twice with cold buffer B. The permeabilized cells were, then, incubated 
for 4 h at 27 *C in the labeling reaction mixture: 2 mM manganesedl) 
chloride, 1 mg/ml acetylated bovine serum albumin (Nacalai Tesque), 5 
mM phosphocreatine (Sigma), 20 units/ml creatine phosphokinase 
(Sigma), 50 /Ag/ml actinomycin D, 500 fxM ATP, CTP, and GTP (Roche 
Diagnostics), and 10 ixC'i of (a-'**PlUTP (Amersham Biosciences) in 
buffer B (pH 7.7), for 4 h at 27 'C unless otherwise specified. The 
reaction was terminated by the addition of Sepasol RNA I or 11 super 
reagent. 

For the treatments with microccocal nuclease and/or Nonidet P-40, 
the permeabilized cells were pre-washed twice with buffer D: 20 mM 
HEPES-KOH (pH 7.7 at 27 'O, 110 mM potassium acetate, 2 mM 
magnesium acetate, 2 mM dithiothreitol, and 1 mM CaCl2. Then the 
permeabilized cells were incubated in buffer D containing 0.1 unit/ml 
microccocal nuclease (United States Biochemical Corp.), with or with- 
out 0.5% Nonidet P-40 for 15 min at 37 "C or 0.5% Nonidet P-40 for 15 
min on ice. 

Slot Blot Hybridization — RNA products synthesized in the perme- 
abilized cells in the presence of 200 ^Ci of (a-*^'^P]UTP were fractionated 
by denaturing agarose gel. The 8-kb RNA bands were eluted from the 
gel using RNade (BioOne, Carlsbad, CA). To increase the hybridization 
signal,' the ^^P-labeled 8-kb RNA eluted from the gel was subjected to 
alkaline hydrolysis to generate fragments of ~250 nucleotides in length 
and used in hybridization. Newly synthesized replicon RNA in intact 
replicon cells was metabolically labeled by adding 1200 ^xCi of 
P^P]orthophosphate to the culture medium (see below) and handled in 
the same manner. For detection of plus and minus strand replicon RNA, 
minus and plus strand replicon RNA were prepared as riboprobes by in 
vitro transcription, respectively, as described above. Then 2 of each 
riboprobe was applied to a nylon membrane filter (Hybond-N, Ambion). 
Slot blot hybridization was performed as described previously (39), 
except that ULTRAhyb (Ambion) was used for hybridization buffer. 

Metabolic Labeling — For metabolic labeling of the replicon RNA, 
after a preculture in phosphate- free Dulbecco's modified Eagle's me- 
dium (Invitrogen) containing 2% dialyzed fetal bovine serum, 200 ^g/ml 
G418, and 5 ^ig/ml actinomycin D for 2 h, 4 x lO'*^ cells were cultured for 
12 h in the same medium with 100 fxCi of P^PJorthophosphate (Amer- 
sham Biosciences), as described previously (21). 

Proteinase K Treatment — After permeabilization of the replicon cells, 
the cells were scraped into 400 p.1 of cold buffer B and transferred to a 
siliconized tube. The cells were treated with various concentrations of 
proteinase K at 37 "C for 5 min. The reaction was terminated by the 
addition of 1 mM phenylmethylsulfonyl fluoride, and followed by tri- 
chloroacetic acid precipitation. The trichloroacetic acid precipitates 
were solubilized in Ix sample buffer containing 1 mM phenylmethyl- 
sulfonyl fluoride and used in Western blotting analysis. 

RESULTS 

Selection of Replicon Cell Clones in Which Replicon RNA 
Efficiently Replicated — We reported the establishment of a cell 
clone, NN 50-1, in which HCV subgenomic replicon RNA orig- 
inating from the HCV genome isolated from the cultured hu- 
man T cell line MT-2C infected with HCV in vitro efficiently 
replicated (21). Furthermore, we obtained a cell clone, MH-14, 
in which the HCV subgenomic RNA level is nearly 5-fold higher 
than that in NN 50-1 (data not shown). Nucleotide sequence 
analysis revealed that the replicon RNA in MH-14 cells bore 
two point mutations in the NS4B and NS5A encoding regions. 
One was a thymine to cytosine transition at nucleotide position 
5985 (the number corresponds to the nucleotide number of the 
HCV genotype lb genome) in the NS4B-encoding region with- 
out an amino acid substitution. Another was a cytosine to 
adenine transition at nucleotide 6953 in the NS5A-encoding 
region, resulting in the substitution of arginine for serine at 
amino acid position 2204. The substitution at amino acid 2204 
has already been reported as one of the adaptive mutations 
enhancing the efficiency of viral replication (25). Then we used 
MH-14 cells, refereed as the replicon cells, in the following 
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experiments to analyze the mechanism of HCV genomic 
replication. 

Replicon RNA and NS Proteins Were Retained in Dlgitonin- 
permeabilized Replicon Cells — Previous papers suggested that 
all HCV NS proteins are directly or indirectly associated with 
the inner cellular membranes, especially rough ER mem- 
branes, and form replication complexes on the membranes (10, 
40). This suggested to us that functional HCV replication com- 
plexes could be retained in the replicon cells whose plasma 
membranes had been permeabilized with digitonin. To test this 
possibility, first, the fate of NS proteins in the replicon cells 
was investigated after digitonin treatment by Western blotting. 
In this experiment, ectopically expressed mouse DHFR was 
used as a cytoplasmic protein marker. After digitonin treat- 
ment, DHFR was not detected in the permeabilized cells (Fig. 
lAj lanes 2 and 3), indicating that cytoplasmic soluble proteins 
were washed efficiently out of the cells under these conditions. 
On the other hand, HCV NS proteins (NS3-NS5B) were de- 
tected just like BiP/Grp78, an ER marker, in the permeabilized 
replicon cells as in the intact cells that were not treated with 
digitonin, as expected (Fig, LA, lanes 2 and 3). Moreover, when 
we analyzed the RNA by Northern blotting, the retention of 
replicon RNA in the permeabilized replicon cells was observed 
(Fig. IB, lanes 2 and 3). Treatment of the permeabilized repli- 
con cells with the high salt buffer containing 2 M KCl did not 
greatly influence the amount of replicon RNA and NS proteins 
retained in the cells (data not shown). To investigate whether 
newly synthesized replicon RNA in the intact replicon cells was 
retained after permeabiHzation with digitonin, we performed 
metabolic labeling of the cells with f^'^P]orthophosphate, As 
shown in Fig. IC, newly synthesized replicon RNA was de- 
tected after permeabiHzation (Fig. IC, lane 5), although the 
amount was slightly decreased compared with that in the in- 
tact cells (Fig. IC, lane 2). The localization of NS5A and NS5B 
in the permeabilized replicon cells was also analyzed by indi- 
rect immunofluorescence. These proteins were seen to accumu- 
late around the perinuclear region and to be mostly colocalized 
with protein-disulfide isomerase, an ER marker, in the perme- 
abilized replicon cells (Fig. LD, panels i-p), just as in the intact 
replicon cells (Fig. ID, panels a-h). This indicated that treat- 
ment with digitonin did not markedly affect subcellular local- 
ization of these proteins. From all of these results, it seemed 
likely that the repUcation complexes including replicon RNA 
were retained in the permeabilized replicon cells just like in the 
intact cells. 

The Replication Complexes in the Permeabilized Replicon 
Cells Functioned to Synthesize the HCV Subgenomic RNA — To 
see whether the replication complexes in the permeabilized 
replicon cells were active in HCV RNA synthesis, permeabi- 
lized or intact cells were incubated in reaction mixtures includ- 
ing (a-^^P]UTP for 4 h. Actinomycin D, which showed no inhib- 
itory effect on the RNA-dependent RNA polymerase activity of 
HCV NS5B (15), was also added to the reaction mixture to 
inhibit the cellular activities of DNA-dependent DNA and RNA 
synthesis. After the reaction, total RNA of the cells and the 
reaction supematants were extracted and analyzed by dena- 
turing agarose gel electrophoresis followed by autoradiogra- 
phy. A radiolabeled product ~8 kb in length, which was equiv- 
alent to the subgenomic replicon RNA in size, was found in 
RNA from the permeabilized replicon cells but not from Huh-7 
cells (Fig. 2A, lanes 1-4). When overexposed, the 8-kb band 
became detectable in RNA sample from the intact replicon 
cells, although the signal was much lower than that from the 
permeabilized repUcon cells (data not shown). This 8-kb prod- 
uct, however, was not detected in all the reaction supernatants 
(Fig. 2A, lanes 5-8). The radiolabeled 8-kb product was degra- 
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FiG. 1. Detection of NS5A, NS5B, and subgenomic replicon 
RNA in permeabilized replicon cells. A, total lysate from intact 
cells (digitonin — , lanes 1 and 2) or digitonin-treated permeabilized 
ceils {digitonin +, lane 3) was analyzed by Western blotting with 
anti-DHFR, anti-NS5A, anti-NS5B, and anti-BiP/Grp78 antibodies. H 
and R indicate parental Huh-7 and replicon cells, respectively. DHFR 
produced ectopically by transient transfection of pCMV-DHFR and 
endogenous BiP/Grp78 were used as markers for cytoplasm and ER, 
respectively. B, total RNA extracted from the intact {lanes I and 2) or 
permeabilized cells {lane 3) was analyzed by Northern blotting using an 
HCV genome-specific probe {upper panel). The relative amount of total 
RNA in each lane is shown by 28 S rRNA (28S) stained with ethidium 
bromide (lower panel). C, the replicon RNA metabolically radiolabeled 
in the intact replicon cells was retained in cells after permeabiHzation 
with digitonin. After metabolic labeling of Huh-7 and replicon cells with 
l^^Plorthophosphate, radiolabeled RNA from the intact cells (lanes 1 
and 2) or permeabilized cells (lane 3) was analyzed by denaturing 
agarose gel electrophoresis followed by autoradiography. Approxi- 
mately 8-kb bands in length were indicated (replicon). Z), the subcellu- 
lar localization of NS5A (red), NSSB (red), and protein-disulfide isomer- 
ase iPDI) (ER marker, green) in the intact or permeabilized replicon 
cells was analyzed by indirect immunofluorescence using anti-NS6A 
(panels b and 7), anti-NS5B (panels f and n), and anti-PDI antibodies 
(panels c, g, k, and o), respectively. Nucleus stained by 4',6-diamidino- 
2-phenylindole (DAPI) is shown in panels a\ c, and m. Merged panels 
are shown in panels d, A, /, and p. 

dated by treatment with RNase A (data not shown), suggesting 
that it was HCV subgenomic RNA synthesized by the replica- 
tion complexes in the permeabilized replicon cells. To examine 
whether the 8-kb RNA synthesized in the permeabilized cells 
was actually HCV subgenomic RNA, we performed slot blot 
hybridization analysis using each plus and minus strand HCV 
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Fig. 2. The activity for synthesis of the HCV subgenomic RNA 
was retained in the permeabilized replicon cells. A, the replicon 
cells (H; lanes 1, 3, 5, and 7) and the parental Huh-7 cells (H; lanes 2, 4, 
6, and 8) were used in this experiment after treatment with (lanes 1, 2, 
5, and 6) or without [lanes 3, 4, 7, and 8) digltonin. Total RNA extracted 
from the cell fraction (Ce//), as well as the reaction supernatant (Sup), 
of these cells after incubation in the reaction mixtures for 4 h was 
analyzed by denaturing agarose gel electrophoresis followed by autora- 
diography. The 8-kb RNA specifically found in the cell fraction of 
replicon cells is indicated by an arrowhead. B, characterization of the 
radiolabeled 8-kb RNA synthesized in the permeabilized replicon cells. 
Equal amounts of the unlabeled plus and minus strand replicon RNA 
synthesized in vitro were blotted on nylon membrane filter and used as 
specific probes for detection of the minus and plus strand replicon RNA 
synthesized and radiolabeled in the repHcon cells, respectively, in the 
slot blot hybridization experiment (8 kb RNA). To show the strand 
specificity of this experiment, the results of the experiment performed 
by using the plus and minus HCV RNA **^P radiolabeled in vitro instead 
of those in the replicon cells are presented (m vitro transcript, plus and 
minus). 



RNA synthesized in vitro as probes on the nylon membrane 
filter. After denaturing agarose gel electrophoresis, the radio- 
labeled 8-kb RNA derived from the permeabilized replicon cells 
was eluted from the gel and hybridized with the probes on the 
filter. Then the radioactivity hybridized with either the plus or 
minus strand-specific probe on the filter was detected by auto- 
radiography (Fig. 2B, 8 kb RNA), whereas radiolabeled RNA 
prepared from permeabilized Huh-7 cells in the same way did 
not show any hybridization signals on the filter (data not 
shown). By the same procedure, we also confirmed that the 
metabolically radiolabeled 8-kb RNA in Fig. IC was actually 
replicon RNA (data not shown). The ratio of plus to minus 
strand RNA synthesized in the permeabilized repHcon cells 
was estimated to be 2.7 ± 0.4 (average ± S.D.) by three inde- 
pendent experiments. These results indicated that the radiola- 



beled 8-kb RNA was actually HCV subgenomic RNA synthe- 
sized in the permeabilized replicon cells and contained both 
plus and minus strands of the HCV RNA, implying that the 
functional HCV replication complexes were present in the per- 
meabilized replicon cells. 

Replicon RNA in the Permeabilized Replicon Cells Was Re- 
sistant to Nuclease — The production of radiolabeled HCV sub- 
genomic RNA in the permeabilized cells seemed to continue 
until 4 h and reached a maximum until —5 to 6 h (data not 
shown). Then the amount of radiolabeled HCV RNA was stably 
maintained even after 8 h. One possible explanation for this 
stability was the removal of RNase from the cell by permeabi- 
lization. Therefore, we examined the sensitivity of the newly 
synthesized HCV RNA in the permeabilized replicon cells to 
exogenously added nuclease. After the reaction for RNA syn- 
thesis, the permeabilized replicon cells were treated with mi- 
crococcal nuclease. As shown in Fig. 3A, the radiolabeled HCV 
RNA remained almost intact even after nuclease treatment 
{lanes 1 and 2), although 28 S rRNA was efficiently degradated 
under the same condition (lanes 2 and 3). This lower sensitivity 
of the rephcon RNA to nuclease suggested that one of the 
reasons for the stability of the RNA in the permeabilized cells 
was its resistance to RNase activity. On the other hand, the 
radiolabeled HCV RNA was sensitive to nuclease in the pres- 
ence of a nonionic detergent, Nonidet P-40 (Fig. SA, lane 5), 
although a small portion of the HCV RNA was likely to remain 
resistant to nuclease. When the permeabilized replicon cells 
were treated with only Nonidet P-40, the radiolabeled HCV 
RNA in the cells was still detectable but apparently dimin- 
ished. However, the radiolabeled molecules became detectable 
in the reaction supernatant, possibly because of leakage from 
the cells because of Nonidet P-40 (Fig. 3A, lanes 4 and S). From 
these results, HCV subgenomic RNA newly synthesized in the 
permeabilized cells seemed resistant to nuclease in a cellular 
lipid membrane-dependent manner. Moreover, we also ob- 
served that the replicon RNA synthesis was equally carried out 
when the permeabilized cells were pretreated with nuclease 
before the reaction of the RNA synthesis (data not shown). This 
suggested that the HCV RNA used as a template in the viral 
RNA synthesis was also resistant to nuclease and present in 
the same environment as the newly synthesized RNA products 
mentioned above. Furthermore, we investigated the replicon 
RNA that was newly synthesized in the intact rephcon cells. 
After metabolic labeling of the replicon cells with P^Pl 
orthophosphate, the cells were permeabilized with digitonin 
and treated with micrococcal nuclease as above. As shown in 
Fig. 3B, about 30% of radiolabeled replicon RNA in the intact 
replicon cells was found to be lost after permeabilization {lanes 
1 and 2), probably implying that a part of the newly synthe- 
sized RNA flowed out with the cytoplasm from the permeabi- 
lized cells (see discussion). A large part of newly synthesized 
replicon RNA retained in the permeabilized cells showed re- 
sistance to the nuclease action in the absence of Nonidet P-40 
(Fig. 3B, lane 3) but was tuned to be sensitive to nuclease in the 
presence of Nonidet P-40 (Fig. 3B, lane 4). This suggested that 
the fate of the newly synthesized replicon RNA in the perme- 
abilized cells was similar to that retained in intact cells after 
permeabilization. Then we analyzed the nuclease sensitivity of 
total replicon RNA in replicon cells by Northern blotting. After 
permeabilization, replicon cells were treated with nuclease in 
the presence or absence of Nonidet P-40 as described above. As 
shown in Fig. 3C, we found that most of the replicon RNA was 
intact even after treatment (Fig. 3C, lanes 2 and 3). As in the 
case of the newly synthesized replicon RNA, the rephcon RNA 
pre-existing in the replicon cells was sensitive to nuclease in 
the presence of Nonidet P-40 (Fig. 3C, lane 4). From these 
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Pig. 3. A large part of the replicon RNA was located in the nuclease-resistant environment in the replicon cells. A, resistance of the 
newly synthesized HCV RNA in the permeabilized replicon cells to nuclease action. After the RNA S5nithesis reaction in the presence of P'^PjUTP, 
the permeabilized replicon cells were treated with {nuclease + , lanes 2, 3, 6, and 7) or without microccocal nuclease (nuclease ~, lanes 7, 4, 5, and 
8). The reactions were performed in the presence (Nonidet P-40 +, lanes 3, 4, 7, and 8) or absence of 0.5% Nonidet P-40 (Nonidet P-40 -, lanes 7, 
2, 5, and 6). Total RNA extracted from the cells (Cell, lanes 1-4) and the reaction supernatant (Sup, lanes 5-8) was similarly analyzed as described 
in the legend to Fig. 2. B, resistance of the newly synthesized replicon RNA in the intact replicon cells to nuclease action. The intact replicon cells 
were metabolically labeled with ['^'"Plorthophosphate. After incubation, the cells were permeabilized and treated with {lanes 3, 4, 7, and 8) or 
without micrococcal nuclease {lanes 2, 5, 6, and 9), in the presence {lanes 4, 5, 8, and 9) or absence of Nonidet P-40 {lanes 2, 3, 6, and 7), as described 
above. C, resistance of the replicon RNA in replicon cells against nuclease action. After permeabilization of the replicon cells with digitonin, the 
cells were treated with {lanes 3, 4, 7, and 8) or without micrococcal nuclease {lanes 2, 5, 6, and 9), in the presence (lanes 4, 5, 5, and 9) or absence 
of {lanes 2, 5, 6f, and 7) Nonidet P-40 as above. Total RNA from the cell fraction or the reaction supernatant after treatment was analyzed by 
Northern blotting using a HCV genome>specific probe to detect the replicon RNA (indicated by the arrowhead with replicon, upper panel). 28 S 
rRNA {28S) was detected by staining with ethidium bromide (A-Cy lower panels). In A, the amount of 28 S rRNA seemed to be low probably because 
of degradation during incubation in the reaction mixture for 4 h. 



results, it was suggested that replicon RNA existed in a sub- 
cellular compartment that was formed with cellular lipid 

membranes. 

A Large Amount of Each -NS Protein Was Not Required for 
Nuclease Resistance of Replicon RNA — To investigate the con- 
tribution of HCV NS proteins to the resistance of replicon RNA 
against nuclease, the sensitivity of the replicon RNA to nucle- 
ase was examined in permeabilized replicon cells after treat- 
ment with proteinase K at various concentrations. The condi- 
tion of the replicon RNA and NS proteins in the cells after 
treatment was analyzed by Northern and Western blotting, 
respectively. An endogenous Calnexin, a type I transmembrane 
protein of ER, was detected by using an antibody specific to its 
NHa-terminai region present in the ER lumen (Calnexin-NT) 
as a control for monitoring the efficiency of proteinase K diges- 
tion. At the dose of proteinase K that affected the amount of 
full-length Calnexin, a fragment, the size of which matched 
that of the NH.^-terminal region of Calnexin was detected (Fig. 
4, lanes 4-11), indicating that proteins or segments on the 
cytoplasmic side of ER membranes were efficiently digested 
and those in the lumen were protected from the digestion by 
proteinase K as expected. Under these conditions, a large part 
of each NS protein was digested by proteinase K at higher 
concentrations, although the sensitivity of each NS protein to 
treatment varied (Fig. 4, lanes 4-7 and 8-11). On the other 
hand, we also observed that a small part of each NS protein 
remained resistant to even prolonged treatment of the perme- 
abilized replicon cells with proteinase. Under these conditions, 
we observed that nuclease treatment did not affect replicon 
RNA despite efficient degradation of 28 S rRNA (Fig. 4, lanes 



8-11), although amounts of 28 S rRNA and replicon RNA were 
not influenced by only the proteinase treatment (Fig. 4, lanes 
4-7). These results indicated that the stabihty replicon RNA 
was not dependent on the large parts of the NS protein. This 
raised the possibility that the precise subcellular localization of 
replicon RNA was different from that of the majority of each NS 
protein. 

The Active Replication Complex Was in a Similar Environ- 
ment to the Replicon RNA — ^As shown above, the majority of 
each NS protein in digitonin-permeabilized replicon cells were 
sensitive to proteinase treatment. Furthermore, all NS pro- 
teins (NS3-NS5B) in replicon cells were detectable by indirect 
immunofluorescent analysis after permeabilization only with 
digitonin following fixation with 4% paraformaldehyde, al- 
though the proteins such as protein-disulfide isomerase and 
BlP/Grp78 that are present in the ER lumen were not detected 
under this condition (data not shown). These results indicated 
that a large part of each NS protein was exposed on the cyto- 
plasmic side of the inner cellular membranes. To see whether 
these NS proteins function in the replication of HCV, the syn- 
thesis of the HCV subgenomic RNA was investigated in the 
permeabilized replicon cells pretreated with proteinase K. Af- 
ter treatment with proteinase at higher concentrations, each 
NS protein was almost degradated by the treatment as shown 
in Fig. 4 (Fig. 5A, lanes 2-5). Under these conditions, however, 
the HCV RNA was synthesized in a quite similar manner to 
that in the cells not treated with proteinase (Fig. 5A, lanes 1-5). 
These results suggested that the majority of active replication 
complex existed in the proteinase-resistant environment and a 
large part of each NS protein did not participate in the synthe- 
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Fig. 4. A large part of each NS protein was not required for the 
nuclease resistance of the replicon RNA. The digitonin-permeabi- 
lized replicon cells were treated with proteinase K at various concen- 
trations (0 fie/tn\ for lanes 2 and 5, 0.01 ^g/ml for lanes 4 and S, 0.1 
Mg/ml for lanes 5 and 9, 1 ^g/ml for lanes 6 and 10, 10 jug/ml for lanes 
7 and //), followed by treatment with {lanes 3 and 8-11) or without 
{lanes 2 and 4-7) microccocal nuclease. The samples from intact repli- 
con cells without any treatments were similarly analyzed as shown in 
lane 1. After these treatments, total RNA and protein in the cells were 
analyzed by Northern and Western blotting, respectively. Antibodies 
used in the Western blotting were anti-NS4B {NS4B), anti-NS5A 
{NS5A), anti-NS5B (NS5B), anti-Calnexin iCalnexin-NT), and anti- 
KDEL {BiP/Grp78) antibodies. Each protein with original size is indi- 
cated by an arrowhead. An asterisk denotes the position of the Calnexin 
NHg-terminal segment that is located in the lumen of the ER. BiP/ 
Grp78, which located on Uie lumenal side of the ER membrane, was 
used as a negative control for proteinase digestion. 



sis of HCV RNA in the cells. This implied that a small part of 
each NS protein resistsint to proteinase should be present in a 
similar situation to the active replication complexes in the 
cells. To clarify the existence of such proteins, we examined 
carefully the proteinase resistance of each NS protein in the 
permeabilized replicon cells. After treatment of the permeabi- 
lized replicon cells with proteinase K at various concentrations, 
total protein in the cells was analyzed by Western blotting. 
Under the conditions that the COOH terminus of Calnexin was 
efficiently digested by treatment as shown in Figs. 4 and 5A, we 
found that a small part of each NS protein was resistant to the 
treatment with proteinase K at even higher concentrations 
(Fig. 5B, lanes 1-6). These results strongly suggested that such 
proteinase-resistant NS proteins formed the functional repli- 
cation complex in the cells. Furthermore, we did not detect any 
activity for the synthesis of the replicon RNA in the permeabi- 
lized replicon cells after treatment with nonionic detergents 
(data not shown). Summing up the above results, it was sug- 
gested that pre-existing replicon RNA and a small portion of 
each NS protein, which were resistant to nuclease and protein- 
ase, respectively, form the replication complexes in lipid mem- 
brane structures to participate in the synthesis of replicon RNA 
in replicon cells. 

DISCUSSION 

By monitoring the synthesis of HCV RNA in permeabilized 
HCV replicon cells, we obtained results suggesting that the 
active HCV replication complexes function to sjmthesize the 
replicon RNA in subcellular compartments, which are probably 
formed by cellular lipid membranes. Recently, electron micro- 
scopic analysis showed that the expression of HCV proteins in 
Huh-7 cells induced the formation of a distinct membrane 
structure, designated a "membranous web," and all HCV pro- 
teins were found in the structure (40). Moreover, a similar 
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Fig. 5, A, the activity for the synthesis of HCV RNA in the perme- 
abilized replicon cells was intact even after degradation of a large part 
of each NS protein by proteinase K treatment. After treatment of the 
permeabilized replicon cells with proteinase K as described in the 
legend to Fig. 4, the RNA synthesis reaction was peiformed. The con- 
centrations of proteinase K used in this experiment were 0 (lane 1), 0.01 
{lane 2), 0.1 (lane 3h 1 (lane 4), or 10 /xg/ml {lane 5). Total protein of the 
cells prior to the RNA synthesis reaction was analyzed by Western 
blotting using anti-NS4B (iVS4B), anti-NS5A {NS5A\ anti-NSSB 
{NS5B\ anti-Calnexin (Calnexin- NT), and anti-KDEL {BiP/Grp78) an- 
tibodies. Newly synthesized replicon RNA that was labeled with 
|32pjuxp was indicated by the arrowhead with replicon, upper panel. B, 
a small part of each NS protein was located in the proteinase-resistant 
environment in the replicon cells. After permeabilization of the replicon 
cells with digitonin, fractions of the cells were treated with 0 (lane l),l 
(lane 2), 5 (lane 5), 10 {lane 4), 50 (lane 5), and 100 ^ig/m\ (lane 6) 
proteinase K. After the reaction, total protein was analyzed by Western 
blotting using anti-NS3 (NS3), anti-NS4A {NS4A), anti-NS4B {NS4B), 
anti.NS5A (NS5A), anti-NS5B (NS5B), anti-Calnexin (Calenxin-NT), 
and anti-KDEL {BiP/Grp78) antibodies. 



web-like structure in livers of HCV-infected chimpanzees and 
HCV subgenomic replicon cells was reported (41, 42). There- 
fore, it seems likely that this membrane structure is a candi- 
date for the site where the HCV RNA genome is mainly located 
and replicated. Until now the genomes of many positive-strand 
RNA viruses, such as brome mosaic virus, murine hepatitis 
virus, and Kunjin virus have been reported to replicate on 
inner cellular membranes in association with vesicles or other 
membrane structures (43-45). These membrane structures 
seemed to be constructed by viral proteins. For example, it was 
reported that brome mosaic virus la, the multifunctional RNA 
replication protein, selectively recruits brome mosaic virus 2a 
polymerase and viral RNA and forms membrane-bound spher- 
ules (43, 46). A subcellular site for the genome replication of 
these viruses including HCV has been suggested by the local- 
ization of brome uridine-incorporated genomic RNA, which is a 
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product of the replication reaction, in the ceils (43, 47-49). It 
has not been biochemically analyzed, however, whether viral 
RNA is actually synthesized in or around such a membrane 
structure. In this paper, we showed that a quite similar activity 
for the synthesis of HCV subgenomic RNA was present in the 
permeabilized replicon cells even after proteinase treatment, 
which digested almost all the NS proteins including NS5B, to 
that in the cells not treated with proteinase. Furthermore, we 
found that a small part of each NS protein is actually present 
in the proteinase-resistant environment in the replicon cells. 
This suggested, therefore, that a small part of each NS protein 
forms the replication complex and functions in the membra- 
nous compartment. 

A fairly large amount of each HCV protein accumulated in 
the perinuclear fraction in the replicon cells, which is exposed 
to the cytoplasmic environment. In this protein complex, no 
association of the HCV subgenomic RNA was observed and 
there was no activity to synthesize the viral RNA. Thus, the 
significance of the HCV protein complex regarding multiplica- 
tion of the vims genome remains to be clarified. The replicon 
cells originating from Huh-7 may produce large numbers of 
HCV proteins in the perinuclear fraction as a consequence of 
overproduction and these proteins may play less important 
roles in the replication of the HCV genome than the active 
replication complex that we have noted in this paper. Con- 
versely, the protein complex may play important roles in the 
regulation of not only the multiplication of the HCV genome 
but also further processes during the maturation of the virus. 
In this regard, it is important to analyze the presence as well as 
the function of the HCV protein complexes in cells where HCV 
proHferates with different degrees of multipUcation. To date, 
several cellular proteins that interact with particular NS pro- 
teins have been reported. For example, double strand RNA-de- 
pendent protein kinase, soluble NSF attachment protein recep- 
tors-like protein, and karyopherin /33 are reported to interact 
with NS5A (50-52), although the physiological importance of 
these interactions has been obscure. This larger part of each 
NS protein might, therefore, participate in several cellular 
events and/or modulate the replication of the HCV genome 
through interactions with these cellular proteins. 

The ratio of plus to minus strand RNA synthesized in the 
permeabilized replicon cells was estimated to be 2.7 ± 0.4 by 
slot blot hybridization analysis as shown in Fig. 2. On the other 
hand, that in the intact replicon cells was estimated to be 
11.9 ± 2.0 as reported previously (data not shown and Ref. 15), 
when intact replicon cells were metabolically labeled with 
(^^Plorthophosphate and the newly synthesized and radiola- 
beled replicon RNA in the cells was analyzed by slot blot 
hybridization in a similar manner. The discrepancy in the ratio 
between the permeabilized and intact cells may be explained by 
the release of the replicon RNA synthesized in the permeabi- 
lized cells from the membranous compartment and degradated 
in the reaction mixture, although the possibility that the reg- 
ulation of the plus to minus ratio of newly synthesized replicon 
RNA may be lost in the permeabilized replicon cannot be com- 
pletely ruled out. Approximately 50% of the replicon RNA 
newly synthesized in the intact cells was actually lost by nu- 
clease treatment following permeabiHzation (Fig. SB, lanes 1 
and 5), suggesting that some parts of replicon RNA newly 
synthesized in intact replicon cells is present in the cytoplasm. 
Slight degradation of the replicon RNA was also seen in per- 
meabilized cells in the presence of Nonidet P-40 (Fig. 3). We 
also observed that in vitro synthesized replicon RNA added 
exogenously to the permeabilized cells was unstable in the 
reaction mixture (data not shown), as was observed in a recent 
report in which the replication activity of the HCV replicon was 



detected using the cell lysate fraction of repUcon cells (30). 
These observations seem to support the former possibility in- 
directly. As the radiolabeled nucleotide substrate was incorpo- 
rated in the newly synthesized replicon RNA in the permeabi- 
lized replicon cells, a channel-like structure should be present 
in the membranous compartment including the repHcation 
complex. In the case of spherules of brome mosaic virus, the 
channel-like structure connecting to the cytoplasm with the 
inside of the spherule was actually detected by the electron 
microscopic technique (43). This supported the idea that the 
replicon RNA that was present in the cytoplasm was probably 
exported from the membranous structure through the channel- 
like structure. A similar phenomenon was already reported for 
reovirus in that relatively large reoviral mRNA was exported 
from the viral core particles to the cytoplasm through the 
channel formed by a viral protein (53). The pore size of the 
putative channel of HCV, however, seemed to be limited, be- 
cause nuclease and proteinase did not pass through the chan- 
nel. The rephcon RNA may be specifically recognized by some 
viral proteins and exported through the channel post- or co- 
replicationally. These mechanisms, however, have remained to 
be elucidated. 

During the preparation of this article, Shi et aL (54) reported 
that almost all of the NS5A and part of the NS5B proteins were 
present in the membrane fraction that was resistant to treat- 
ment with 1% Nonidet P-40. Because the replicational activity 
in that fraction from the cell lysate was not demonstrated, we 
do not know whether that kind of membrane fraction from the 
cell lysate would include the replication activity observed here. 
Furthermore, a part of replicon RNA was reported to localize in 
the non-ionic detergent-insoluble membrane fractions (54), 
whereas we showed that the RNase resistance of both total and 
newly synthesized replicon RNA was reduced in the presence of 
Nonidet P-40. This discrepancy may be explained by the differ- 
ent methods used for the detection of the replicon RNA, reverse 
transcriptase-PCR and Northern blotting in that paper and 
ours, respectively. We also showed data indicating that a neg- 
ligible amount of replicon RNA was released from the perme- 
abihzed cells into the reaction mixture by the detergent as 
shown in Fig. 3. It may also be relevant to this discrepancy that 
we and others have observed instability of the free replicon 
RNA in the reaction mixture (30). We also observed the exist- 
ence of nuclease-resistant replicon RNA, even in the presence 
of nonionic detergent (Fig. 3). Such RNA may represent the 
replicon RNA in the non-ionic detergent-insoluble fractions. 

Here we showed the stable nature of the active HCV RNA 
replication complex in the replicon cells by permeabiHzation of 
the cells. Our data suggests that only a small part of each NS 
protein contributes to RNA synthesis in the replicon cells. This 
implied that careful investigation would be required for iden- 
tification of the precise subcellular sites of replication in the 
replicon cells. Further investigation to reveal how and where 
this complex is formed in the cells and what is essential for its 
activity is required for understanding the mechanism of viral 
replication and the life cycle of HCV. 
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The hepatitis C virus (HCV) encodes a large poiyprotein; therefore, all viral proteins are produced in 
equimolar amounts regardless of their ftinctlon. The aim of our study was to determine the ratio of nonstruc- 
tural proteins to RNA that is required for HCV RNA replication. We analyzed Hnh-7 cells harboring folMength 
HCV genomes or subgenomic replicons and found in all cases a > 1,000-fold excess of HCV proteins over 
positive- and negative-strand RNA. To examine whether all nonstructural protein copies are involved in RNA 
synthesis, we isolated active HCV replication complexes from replicon cells and examined them for their 
content of viral RNA and proteins before and after treatment with protease and/or nuclease. In vitro replicase 
activity, as well as almost the entire negative- and positive-strand RNA, was resistant to nuclease treatment, 
whereas <5% of the nonstructural proteins were protected from protease digest but accounted for the fall in 
vitro replicase activity. In consequence, onfy a minor fk'action of the HCV nonstructural proteins was actively 
involved in RNA synthesis at a given time point but, due to the high amounts present in replicon cells, still 
representing a huge excess compared to the viral RNA. Based on the comparison of nuclease-resistant viral 
RNA to protease-resistant viral proteins, we estimate that an active HCV replicase complex consists of one 
negative-strand RNA, two to ten positive-strand RNAs, and several hundred nonstructural protein copies, 
which might be reqitired as structural components of the vesicular compartments that are the site of HCV 
replication. 



Hepatitis C virus (HCV) is an enveloped positive-strand 
RNA virus belonging to the genus Hepacivims in the family 
Flavivindae. The genome of HGV encompasses a single 
^9600-nucleotide (nt) RNA molecule carrying one large open 
reading frame (ORF) that is flanked by nontranslated regions 
(NTRs). In addition to the poiyprotein, the expression of a 
novel HCV protein with a yet-unknown function has recently 
been described, the so-called F-protein, which is generated by 
ribosomal frameshifting (78, 79). The 5' NTR contains an 
internal ribosome entry site (IRES) that directs translation of 
the ORF (74). In addition, the 5' NTR is required for RNA 
replication, as is the case with the 3' NTR (25 , 27, 42, 80). 
HCV proteins generated from the poiyprotein precursor are 
cleaved by cellular and viral proteases into at least 10 different 
products (for reviews, see references 8 and 66). The structural 
proteins core, EI and E2, are located in the amino terminus of 
the poiyprotein (37), followed by p7, a hydrophobic peptide 
that is supposed to be a viroporin, forming an ion channel with 
a yet-unknown function (33, 63), and the nonstructural pro- 
teins (NS) NS2, NS3, NS4A, NS4B, NS5A, and NS5B. NS2 and 
the amino terminus of NS3 comprise the NS2-3 protease re- 
sponsible for cleavage between NS2 and NS3 (31, 38). NS3 is 
a multifunctional protein, consisting of an amino-terminal pro- 
tease domain required for processing of the NS3 to 5B region 
(6, 32) and a carboxy-terminal helicase/nucleoside triphos- 
phatase domain (39, 71). NS4A is a cofactor that activates the 
NS3 protease function by forming a heterodimer (9, 21, 48, 72). 
The hydrophobic protein NS4B induces the formation of a 
cytoplasmic vesicular structure, designated the membranous 
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web, that appears to contain the replication complex of HCV 
(18, 30). NS5A is a phosphoprotein that seems to play an 
important role in viral replication since most of the cell cul- 
ture-adaptive mutations described thus far are located within 
the central region of NS5A (12. 34. 43. 50). NS5B is the RNA- 
dependent RNA polymerase of HCV (11, 52). 

Since the establishment of HCV replicons (53), the under- 
standing of the mechanisms underlying HCV RNA replication 
has increased tremendotisly (for a review, see reference 7). It 
is clear that nonstructural proteins NS3 to 5B are necessary 
and sufifident for HCV RNA replication. They build up a 
multrprotein complex that in analogy to other positive-strand 
RNA viruses is associated with intracellular membranes (re- 
viewed in references 17 and 59). Biochemical analyses of crude 
replicase complexes (CRCs) prepared from lysates of replicon 
cells provided deeper insights into the organization and struc- 
ture of the viral replication complex (2, 5, 19, 36, 45, 57, 70); 
however, a detailed stoichiometric analysis of the HCV repli- 
cation complex has not yet been carried out. The aim of our 
study was to determine the ratio of viral positive- and negative- 
strand RNA to proteins in replicon cells and CRCs and to 
analyze which portions are actively involved in viral RNA syn- 
thesis. We found that the nonstructural proteins are produced 
in large excess over viral RNA in replicon cells and that viral 
replication complexes contain a large number of nonstructural 
protein copies. These results suggest that the majority of HCV 
nonstructural proteins may serve some other function in the 
replication process apart from RNA synthesis such as forma- 
tion or scaffolding of the viral replication complex. 

MATERIALS AND METHODS 

Cell cultores. Cell monolayers of the human hepatoma cell line Huh-7 (60) 
were grown in Dulbeoco modified Eagle medium (DMEM; Invitrogcn, 
Karlsruhe, Germany) supplemented with 2 mM t-glutamine, nonessential amino 
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acids, 100 U of penidlHn/ml, 100 of streptomycin/nil, and 10% fetal calf 
scrum. G418 (Genctidn; Invitrogen) was added at a final concentration of 
1 mg/ml in case of repltcon cell clone 9-13 carrying a HCV repltcon expressing 
neomycin phosphotransferase (53). In the case of cell clone 11-1 harboring a 
monodsironic replicon (24), the medium was supplemented with 25 jLg of hy- 
gromycin (Invitrogen)/ml. Huh7-Lunet cells refer to a Huh-7 cell done that was 
generated with a selectable rcplicjon and cured from HCV by treatment with a 
specific inhibitor. Huh7-Lunei cells arc more permissive for HCV replication 
than naive Huh-7 cells (26, 50). 

In vitro Iranscription. In vitro transcripts of HCV positive and negative- 
strands were generated by using the protocol described recently (SO). For tran- 
scription of positive-strand HCV RNAs, plasmid DNA was restriaed with Asel 
and Seal (New England BiolabSi Frankfurt/Main, Gennany). in the case of 
negative-strand transcripts, DNA was restricted w:!th Pmel (New England Bio> 
labs). After restriction, DNA was extracted with phenol and chloroform, predp- 
iuted with ethanol, and dissolved in RNase-ftee water. In vitro transcription 
reactions oonuined 80 mM HEPES (pH 75), 12 mM MgP^ 2 mM spermidine, 
40 mM dithiothreitoi, a 3.125 mM concentration of eadi audeo^tde triphos- 
phate, 1 U of RNasin (Promega, Mannheim, Gennany)/pJ, 0.05 ftg of restricted 
plasmid DNA/|il, and 0.6 U of T7 RNA polymerase (Promega)/|J for positive- 
strand synthesis or 13 RNA polymerase for transcription of negative strands, 
respectively. After 2 h at 3T*C, an additional 03 U of T7 or T3 RNA polymer- 
ase/^J was added, and the reaction was incubated for another 2 h. Transcription 
was terminated by the addition of I U of RNase-free DNasc (Promega) per 
of plasmid DNA followed by incubation for 30 min at 37*0 After extraction with 
acidic phenol and chloroform, RNA was precipitated with isopropanol and 
dissohred in RNase-free water. The concenuation was determined by measure- 
ment of the optical density at 260 nm (OD^eo). and RNA integrity was checked 
by denaturing agarose gel electrophoresis. 

Electivponitlon of HCV full-length genomes. For electroporation, single-oell 
suspensions of Huh7-Lunet cells were prepared by trypsin Ization of monolayers, 
detaching the cells from the culture dish by a rinse with complete DMEM, 
followed by one wash with phosphate-buffered saline (PBS), counting, and re- 
suspension at 10^ cells per ml in Cytomix (76) containing 2 mM ATP and S mM 
glutathione. Then, 10 fig of in vitrortranscribed RNA was mbced with 400 of 
the cell suspension by pipetting, electroporatBd, and immediately transferred to 
8 ml of complete DMEM. Electroporation conditions were 975 pP and 270 V 
using a Gene Pulser system (Bio-Rad, Munich, Germany) and a cuvene with a 
gap width of 0.4 cm (Bio-Rad). Cells of several electroporations were combined 
and seeded in aliquots. At 24, 48, 72, and 96 h after seeding, cells were treated 
with trypsin and counted. Aliquots of the cells were either lysed in protein sample 
buffer and sutq'ected to inimunoblot analysis or used for prBparation of total 
RNA and Northern hybridization. 

Preparation of total RNA and quantification of HCV RNA by Northern by' 
bridizatioo. These methods have been described recently (SO). In brief, total 
RNA from cells or CRCs was prepared by a single-step isolation method (15), 
denatured by treatment with S.9% glyoxal in 50% dimethyl sulfoxide and 10 mM 
sodium phosphate buffer (pH 7.0), and analyzed after denaturing agarose gel 
electrophoresis by Northern hybridization. Prior to hybridization the membrane 
was stained with methylene blue and cut -I cm below the 28S rRNA band. The 
upper strip containing the HCV replicon RNA was hybrulized with a ^P-labeled 
negative-sense riboprobc complementary to NS4B-NS5A region (nt 5979 to 
6699) to detca viral positive-strand RNA or a positive-sense riboprobe encom- 
passing the same region for dctcaion of HCV negaiive-strand RNA The lower 
strip that was hybridized with a ^actin-spediic antisense riboprobe was used to 
correct for total RNA amounts loaded in each lane of the gel. Specific bands 
were quantified by phosphorimaging with a Molecular Imager FX scanner (Bio- 
Rad), and the number of HCV molecules was determined by comparison with a 
serial dilution of in vitro transcripts corresponding to a known number of positive 
or negative strands of subgenomic replicons mixed with 2 )&g of total RNA from 
name Huh-7 celts loaded in parallel onto the gel. In vitro transcripts were 
chedied by denaturing agarose gel electrophoresis to ensure that almost all 
RNAs are full length and quantified by measurement of the ODjao- 

Preparation of CRCs and in vitro replicase assay. The protocol b adapted 
from a previously published procedure (73). In a standard CRC-preparation, 2 X 
10^ Huh-7 cells persistently harboring subgenomic replicons were washed with 
phosphate-buffered saline and then scraped in phosphate-buffered saline and 
pelleted by oentrifugation at 800 x ; for 10 min ai 4*C Cells were suspended to 
a density of 2.5 x 10' cells/ml in hypotonic buffer (10 mM Tris-HQ [pH 7.5), 
10 mM KQ, 13 mM MgO,, 0.5 mM phenyhnethyUulfonyl fluoride [PK^, 2 pg 
of aprotintn/ml) and lysed by 75 strokes with a Dounoe bomogenizer. Nudei and 



unbroken cells were removed by centrifugation at 1,000 x g for 10 min at 4"C. 
The intracellular membranes oi the resulting supernatant (SI ) were then sedi- 
menicd on 300 pJ of 60% (wt/wt) sucrose in 10 mM Tris-HQ (pH ISyiO mM 
KO-1.5 mM Mgd, in an ultracentrifuge at 68,500 x ^ for 1 h at 4»C. The 
resulting supernatant (S2) was carefully removed, and the membrane fraction 
containing the CRCs was resuspended in the sucrose cushion to obtain an 
-SOO-jJ CRC fraction from 2 X 10* cells and directly subjected to proteinase K, 
S7 nudcasc, and/or Triton X-100 treatment. The total protein concentrations of 
standard CRC preparations were in the range of 5 mg/ml. Alternatively, SI 
obtained from 2 X 10" cells was directly pelleted for 1 h at 68,500 x g, resus- 
pended in 200 mJ of 10 mM Tris-HQ (pH 8i))-10 mM Naa-15% glycerol to 
obtain the CRC fraction, and stored in aliquots at -70*C 

HCV in vitro replicase activity was determined in a reaction mixture contain- 
ing 20 mM Tris-HQ (pH 7.5), 10 mM MgQj, 5 mM dithiothreitoi, 5 mM KQ, 
40 pg of actinomydn D/m\, 20 jtCi of (o-^'PjCTP, 10 p-M CTP, 1 mM concen- 
tcaticns each of ATP and UTP, 5 mM GTP, 2.5 mM phosphoenolpyruvate, 1 U 
of pyruvate kinase (Sigma, Taufkirchen, Gennany), 1 U of RNasin, and a 4-|U 
sample fraction fai a total volume of 10 pJ at 3S*C for 60 min. Reaction products 
were purified by phenol-chloroform eactraction and Isopropanol precipitation and 
then analyzed l>y denaturing glyoxal agarose gel electrophoresis, followed by 
autor8dk>graphy. A radioactively labeled in vitro transcript corresponding to the 
length of a replicon RNA was used to determine the size of the reaction 
products. 

Proteinase K, 87 nuckase, and Triton X-100 treatment of CRCs. To test the 
protease and nuclease resistance of the CRGi. different amounts of proteinase K 
(0.8- or 8-mgM final concentrations), nuclease (0.2- or 2-U/pJ final concentra- 
tions), and/or 1% (vol/vol) Triton X-100 were directly added to SO pi of freshly 
prepared CRGi, followed by incubation for 60 min at 2S*C After the incubation, 
proteinase K and S7 nuclease were inactivated by the addition of 1 pJ of 100 mM 
PMSF and 1 pJ of 200 mM EOTA rcspectwely. Then, 4 jU of CRCs was directly 
analyzed by in vitro replicase assays, and 2 id was mixed with Laemmli sample 
buffer and analyzed by sodium dodecyl sulfate-polyaoylamide gel electrophore- 
sis (SDS-PAGE) and immunoblotting. A 10-pJ portion of CRCs was used for 
total RNA preparation. Toul RNA was dissolved ui 10 pJ of water, and half of 
it was subjected to Northern hytmdization analysis. 

Fivefold-concentrated fractions of proteinase K-treated CRCs were generated 

trichloroacetic add predpitatioo. 

ImmuDobkit analysis and silver staining of proteins. For quantitative immu- 
noblot analysis, cells or CRCs were directly lysed In Laemmli-sample buffer and 
proteins were separated by SDS-10% PAGE using standard techniques (68). 
After SDS-PAGE proteins were either stained with silver or transferred to a 
polyvinytidene difluoride membrane and detected with various primary antibod- 
ies and secondary antibodies conjugated with horseradish peroxidase (Sigma) 
and developed with an ECL plus Western blotting detection system according to 
the instructions of the manufacturer (Amersham Biosciences, Freiburg, 
Germany). Core protein was quantified by using a goat anii-rabbil secondary 
antibody conjugated with alkaline phosphatase (Dianova, Hamburg, Germany), 
an ECF substrate (Amersham Biosdcnces) and a FLA-3000 fluorescence scan- 
ner with a 570-nm filter (Fuji). For detection of Calnexin a rabbit polyclonal 
antibody (Stressgen) was used spedfic for the amino-terminal part, which is 
resident in the lumen of the endoplasmic reticulum (ER). Core-, NS3', and 
NS4B-spedfic rabbit polyclonal antisera were raised against purified portions 
corresponding to a part of the core protein (amino adds (aaj 1 to 167 of the 
polyprotein), the helicase domain of NS3 (aa 1230 to 1526 of the polyprotein), or 
full-length NS4B of the HCV NO isolate (EMBL nucleotide sequence database 
accession no. AJ238800), respectively, differing only in a flew residues to HCV 
Conl (EMBL oudeotide sequence database accession no. AJ238799). Mouse 
monodonal antibody 5&-3B1, specifically detecting a linear epitope encompass- 
mg aa 2791 to 2801 (58) was used to quantify NS5B. 

For quantification of HCV proteins, bacterially expressed core protein and 
baculavirwhexpressed fiUl-length NS4B and NS5B proteins with C-termmal His« 
tags were purified by Ni-nitrilotriacetic add affinity chromatography according to 
the instructions of the manufacturer (QIAGEN, HUden, Gennany) or as de- 
scribed recently (52). NS4B-OHi8 and oore-OHis was further purified by pre- 
parative SDS-PAGE. The purity of both proteins was >90%, and the protein 
concentration was detennined by Bradford assay and analytical SDS>PAGE 
using a serial dilution of bovine serum albumin as a reference. Core, NS4B, and 
NS5B sequences correspond to the NCI isolate (see above and reference 41), 
Samples were quantified by comparison of band intensities to signals obtained 
from the serially diluted purified proteins. 
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FIG. t . Quantification of HCV RNA and nonstructural proteins in Huh-7 cells transfected with a full-length genome. (A) Structure of the HCV 
RNAs used in the present study. Conl/ET represents a fulMeogth HCV genome harboring cell culture-adapu've mutations in NS3 and NS4B (64). 
The monocistronic replicon contains only a single ORF consisting of nt 342 to 389 of the core-coding region, the hygro gene (encoding the 
hygromycin phosphotransferase), the ubiquitin-encoding sequence (Ubi), and the HCV NS proteins NS3 to NS5B (24) and was used to select 
Huh-7 cell clone 11-1, which was analyzed in the present study (Table 1). The bicistronic replicon is composed of the first 377 nt of the HCV 
genome fused to the neo gene (encoding the neomycin phosphotransferase). Translation of the HCV NS proteins NS3-5B is initiated by the 
encephalomyocarditis virus-IRES. The bicistronic replicon was used to generate cell-clone 9-13 (53). (B) Time course of HCV positive- and 
negative-strand synthesis after transfection of Conl/ET RNA into Huh7-Lunet cells. Cells were harvested and counted at the time points indicated 
above the figure (pE, postelectroporation), and total RNA was prepared. A total of 5 ^.g of total RNA corresponding to Z5 X 10^ 2.1 x 10^, 
2.1 X 10*, and 2.3 X 10* cells at 24, 48, 72, and 96 h, respectively, was subjected to Northern hybridization with radiolabeled riboprobes specific 
for the detection of HCV positive-strand (top panel), negative-strand (middle panel) or p-actin (lowest panel). Specific signals are indicated by 
arrowheads. Signals were quantified by phosphorim aging with known amounts of in vitro transcripts of positive or negative polarity corresponding 
to a subgenomic replicon and normalized for different loadings by the ^-actin signal. Total RNA from naive Huh-7 cells was used as negative 
control (Huh-7). (C) Quantification of HCV core (upper panel), NS4B (middle panel), and NS5B (lowest panel) expression after transfection of 
Conl/ET RNA into Huh7-Lunet cells. An aliquot of the cells harvested for total RNA preparation at the time points given above each panel was 
lysed in Laemmli sample buffer and subjeaed to immtmoblot analysis with monoclonal antibodies (NSSB) or polyclonal anttsera (core, NS4B) with 
the specificities given on the right. Samples were quantified by comparison of signal intensities derived from known amounts of the respective 
antigens as indicated above each panel. The amount of loaded proteins correspond to 1.2 X 10*. 1.8 X 10*. 1.6 X 10*, and ZO X 10* cells at 24, 
48, 72, and 96 h, respectively. 



RESULTS 

Quantification of the HCV RNA to protein ratio in Hnta-7 

cells. The first question addressed in .our study was haw the 
number of HCV positive- and negative-strand RNA molecules 
correlates with the amount of different HCV proteins in cells 
with productive HCV RNA replication. Therefore, we chose a 
full-length HCV genome with cell culture-adaptive mutations 
(Conl/ET, Fig, lA) (64), which was transfected into Huh7- 



Lunet cells, a cured replicon cell clone exhibiting high permis- 
siveness for HCV replication, Cells were seeded in aliquots 
after electroporation, harvested at various time points, 
counted, and analyzed for the amount of HCV RNA and 
proteins. Figure IB shows a typical Northern blot analysis of 
such a transient replication assay by using known numbers of in 
vitro transcripts to determine the quantity of positive and neg- 
ative-strand RNA in cells transfected with. Conl/ET. RNA 
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TABLE 1. Number of positive-strand RNA, negative-strand RNA, core, NS4B, and NS5B molecules per Huh-7 cell 



HCV sequence 




Mean do. of moleculea/oell ± SD^ 






Negative-strand 


Poshive-strand 


Core 


NS4B 


NS5B 


Conl/ET (transient transfection)* 
Monocistronic replicon (cell clone 11-1) 
Bidstronic replicon (cell clone 9-13) 


40±4 
81 ±11 
94 ±31 


(2.0 ± 0.3) X 10^ 
(4.4 ± 1.5) X 10=* 
(7.6 ± 2.9) X 10* 


(4.9 ± 1.4) X 10* (7.7 
NA (8.9 
NA (8.0 


± 1.8) X 10^ 
± 3.2) X 10* 
±0.4)xl0' 


(1.5 ± 0.4) X 10* 
(2.2 ± 0.8) X 10* 
(1.2 ± 0.5) X 10* 



' Data represent mean values and standard deviations of samples harvested at 48, 72, and 96 h after seeding. NA, not applicable. 
Per-cell data was not normalized for transfection efficiency, which was routinely 50 to 80%. 



replication had already started 24 h after transfection (as 
judged by the clearly detectable negative-strand RNA signal), 
reached its maximum at 48 h and 72 h after transfection, and 
slightly decreased at 96 h, after the cells had reached conflu- 
ence (Fig. 1B» top and middle panel). HCV core and nonstruc- 
tural proteins 4B and SB were quantified by Western blot 
analysis of cell lysates in comparison with defined amounts of 
purified proteins from the same HCV isolate (41, 52, 54) and 
by using antibodies raised against these particular antigens 
(Fig. IC). The number of core, NS4B, and NS5B molecules in 
the transfected cells followed the same changes over time as 
the RNA, and the results obtained for the quantitative evalu- 
ation are summarized in Table 1. Previous analyses have shown 
that transfected RNA of replication-deficient genomes is de- 
graded to trace amounts at 24 h after transfection and com- 
pletely absent after 48 h (13, 64). To avoid any impact of 
transfected input RNA, the quantitative analysis was limited to 
the data obtained at 48 to 96 h. We foiind on average 40 copies 
of negative-strand RNA, a fivefold excess of positive-strand 
RNA and approximately one million copies of core, NS4B and 
NS5B per cell, indicating a vast excess of viral proteins to RNA 
molecules. Within the expected range of accuracy the ratio of 
the nonstructural proteins NS4B and NS5B was veiy similar. 
The three- to sbcfold higher relative levels of core might be due 
to premature termination of translation leading to an overrep- 
resentation of the amino-terminal portions of the HCV 
polyprotein. Nevertheless, the data were consistent in showing 
a tremendous excess of HCV proteins compared to RNA mol- 
ecules. 

Since we sought to determine the stoichiometiy of RNA to 
protein in the HCV replication complex, we searched for the 
most appropriate biochemical equivalent. Every active replica- 
tion complex must contain at least one negative-strand RNA 
molecule; therefore, the amount of negative-strand RNA gives 
the closest estimate of the maximal number of HCV replica- 
tion complexes per cell. Based on this assumption, we found on 
average fewer than forty active replication complexes per cell, 
but each was accompanied by 20,000 to 40,000 copies of NS 
proteins. 

Although the analysis of a HCV full-length genome should 
reflect the properties of viral translation and replication most 
closely, we wanted to confirm the data in a steady-state situa- 
tion, which resembles a persistent infection. The most efficient 
and convenient systems to study persistent HCV RNA repli- 
cation are Huh-7 cell clones with subgenomic replicons, keep- 
ing constant HCV RNA and protein levels over years, even in 
the absence of selective pressure (65). Therefore, we analyzed 
two different types of replicon cells to evaluate the data ob- 
tained with the full-length genome (Fig. lA): (i) a Huh-7 cell 



clone designated 11-1, harboring a monocistronic replicon re- 
sembling closely the translational properties of a full-length 
genome (24) and (ii) a Huh-7 cell clone designated 9-13 
(51, 53) with a bicistronic replicon representing the most effi- 
cient and most often used system to study persistent HCV 
replication. Cells harboring the respective replicons were 
seeded in aliquots and analyzed in the same way as the full- 
length genome at different time points after seeding. Despite 
the different architecture of the replicons and the assay format 
(transient replication versus stable replicon cell clones), we 
obtained very similar results (Table 1), with more than 10,000 
NS4B or NS5B copies per negative-strand RNA molecule. This 
result indicated that the synthesis of a massive excess of 
NS-proteins over RNA seems to be an intrinsic property of 
HCV translation and replication in Huh-7 cells. Since the half- 
lives of the NS proteins (11 to 16 h) (65) were shown to be 
comparable to the half-life of RNA (about 11 h) (62) in rep- 
licon cells and HCV RNA and proteins are kept on similar 
steady-state levels over years of continuous passaging, HCV 
RNA and protein synthesis should also be quite constant. 
Therefore^ based on the data shown in Table 1, each positive- 
strand RNA template is translated numerous times giving rise 
to 1,000 to 10,000 polyprotein copies. Another important con- 
clusion was that the stoichiometiy of HCV protein to RNA in 
replicon cell clones closely resembled the one found with full- 
length genomes. Therefore, replicon cell clones were an ap- 
propriate tool for further analyses. 

Isolation of active replkase complexes from HDh-7 cell har- 
boring sobgenomic replicons. We wondered whether the mas- 
sive suiphis of nonstructural proteins really is directly involved 
in RNA synthesis or may serve some other function. To dif- 
ferentiate between these two possibilities, we isolated CRCs 
from replicon cells that could be further analyzed in vitro for 
their protein and RNA content. The method for the prepara- 
tion of CRC^ by pelleting heavy-membrane fractions from 
hypotonic cell lysates has been described for HCV and related 
viruses (5, 19, 36, 45, 73) and is shown schematically in Fig. 2A. 
To assay for in vitro replicase activity, cell lysates were incu- 
bated with radiolabeled nucleotides in the presence of actino- 
mycin D and in the absence of exogenous template RNA. 
Reaction products were further analyzed by denaturing aga- 
rose gel electrophoresis (Fig. 2B). The dominant product of in 
vitro replication was a single band that corresponded in size to 
the full-length replicon RNA (arrowhead). HCV replicase ac- 
tivity was ahready detectable in the total hypotonic lysate of 
replicon cells but was enriched in CRCs that were obtained by 
pelleting the membranous material contained in supernatant 1. 
The resulting supernatant 2 did not contain detectable repli- 
case activity. The distribution of the nonstructural proteins in 
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FIG. 2. Preparation and characterization of CRCs from HCV replicon cells. (A) Schematic diagram of the CRC preparation protocol. 
(6) Analysis of in vitro replicase activity in total lysates (TL) and different subcellular fractiona of rqilicon cells (left half) and naive Huh-7 cells 
(right halQ- In vitro replicase activity was determined in 4 |iJ of each fraction, and reaction products were analyzed by denaturing ^yoxal-gel 
electrophoresis, followed by autoradiography of the dried gel. A radioactively labeled in vitro transcript identical in size to the replicon was loaded 
as a marker (M). The major reaction product of the in vitro replicase assay is indicated by an arrowhead. (Q Detection of NS3, NS4B, and NS5B 
in different fractions of the CRC preparation. The vohime of the NP fraction was adjusted to the volume of SI and 10 |jl1 of each fraction were 
analyzed by immunoblot with a polyclonal antiserum raised against HCV NS3 (upper panel) or NS4B (middle panel) or monoclonal antibodies 
specific for NS5B (lower panel) and compared to 10 \d of "CRC" fraction from naive Huh-7 cells (Huh-7). (D) Fate of viral positive and negative 
strands during hypotonic lysis and CRC preparation. Total RNA was prepared from 50 p.1 of a replicon cell suspension before lysis (6L) and from 
the same volumes of TL, SI, NP (adjusted to the volume of SI), S2, and CRC and subjected to Northern hybridization analysis with the same 
controls and probes to detect HCV positive- (upper panel) and negative-strand RNA (lower panel) as in Fig. IB. To calculate the recovery rate 
samples were analyzed by phosphorimaging and correlated with the value obtained before cell lysis (BL). The data of the CRC fraction were 
corrected for the difference in total volume. (E) Effect of NS5B-specific monoclonal antibodies on in vitro replicase activity. Two jlI of a standard 
CRC preparation containing 40 ng of NS5B were preincubated 5 min on ice with 0.1, 1, or 3 jtg of purified monoclonal antibodies as indicated 
in the top, resulting in a ix, lOx, or 30X molar excess or incubated in the absence of antibodies (CRC) and analyzed for in vitro replicase activity. 
The same amount of "CRC" fraction from naive Huh-7 cells was used as a negative control (Huh-7). For further deuils refer to the text. 



different fractions of the CRC preparation is shown in Fig. 2C. 
Similar portions of NS3, NS4B, and NS5B were recovered in 
SI and concentrated in parallel to the replicase activity in the 
CRC fraction, leaving only trace amounts in S2, 

To exclude that the CRC fraction contains only a minor 
subpopulation of HCV replication complexes that might not be 
representative, we followed the fate of viral positive- and neg- 
ative-strand RNA during CRC preparation (Fig. 2D). We 
found that 35% of the negative- and 25% of the positive-strand 
RNA present in the replicon cells before lysis were recovered 



in the CRC fraction. The remainder was cither associated with 
the nuclear pellet (40% of negative-strand, 30% of positive- 
strand RNA) or was destroyed during cell lysis (20% of nega- 
tive-strand, 30% of positive-strand RNA) or during centrifu- 
gation of CRCs (15% of negative-strand and positive-strand 
RNA, respectively); only traces of RNA were retained in S2. In 
consequence, about half of the positive-strand RNA and 25% 
of the negative-strand RNA were degraded, most likely by the 
action of cellular nucleases that were liberated during cell lysis. 
This fraction might include damaged replicase complexes and 
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FIG. 3. HCV repiicase activity is completely resistant to protease 
and nuclease treatment. A total of 50 (U of CRCs prepared from 
replicon cell done 9-13 was incubated for 60 mm at 25*C in the 
presence of 1% Triton X-100 and/or 0.6 (+) or 8 (+-(-) mg of pro- 
teinase K/ml and/or 0.2 (+) or 2 (++) U of S7 nuclease/^,1, respec- 
tively, as indicated above each lane. After termination of the protein^ 
ase K and S7 nuclease digest by this addition of 1.4 raM PMSF and/or 
2.75 mM EGTA, respectively, equal amounts of each sample were 
analyzed for in vitro replicase activity. Reaction products were sepa- 
rated by denaturing glyoxal agarose gel electrophoresis and autora- 
diography. Lane 1 and 2 represent control reactions with CRCs from 
naive Huh-7 or replicon cells in the absence of any preincubation. 
CRCs in lane 3 were mock Incubated for 60 min at 25^ prior to the 
in vitro replicase assay. 



positive-strand HCV RNAs that were not integrated into the 
replicase complex but engaged in some other processes such as 
RNA translation. A varying amount of NS proteins, HCV 
RNA, and replicase activity always stayed associated with the 
nuclear pellet and could not be recovered even by vigorous 
dounce homogenization, most likely due to the accumulation 
of replication complexes in the perinuclear region (30) and due 
to the mild extraction conditions omitting any detergents. 

HCV replicase complexes act selectively on endogenous 
templates in vitro and are blocked by an inhibitor of NS3 
helicase (36), indicating that replicase activity is distinct from 
RNA synthesis exerted by isolated NS5B jwlymerase. In addi- 
tion, RNA synthesis activity of the native replicase complex 
was inhibited by 3'-deoxy-CTP, a chain-terminating nucleotide 
analog, but not inhibited by non-nucleoside NS5B polymerase 
inhibitors interfering with the activity of purified NS5B (56; 
data not shown). To gain further insights into the properties of 
the HCV replication complex, we analyzed the impact of 
monoclonal antibody NS5B 12B7 on replicase activity in 
CRCs. It has previously been shown that this antibody inhibits 
HCV polymerase activity by binding to a conformational 
epitope in NS5B (58), in contrast to antibody NS5B 3B1, that 
did not interfere with polymerase activity. We found that none 
of the antibodies affected replicase activity in CRCs in an up to 
30-fold molar excess (Fig. 2E), further substantiating that in 
vitro replicase activity exhibits features distinct from isolated 
HCV polymerase. 

Taken together, CRCs most likely contained a representa- 
tive fraction of HCV replication complexes in replicon cell 
clones and were therefore appropriate to study the stoichiora- 
etry of RNA to NS proteins required for RNA replication. 
Since clone 9-13» which harbors a bicistronic replicon, was the 
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FIG. 4. Quantification of nuclease-resistant HCV positive- and 
negative-strand RNA and p-actin mRNA in CRCs. Total RNA equiv- 
alent to 5 III of CRCs treated with 1% Triton X-100, 0.8 (+) or 8 ( + -h ) 
mg of proteinase K/ml and/or 0.2 (+) or 2 (++) U of S7 nudease/^J 
for 60 ihin at 2S°C or from mock-Ureated CRCs, as indicated on top, 
was subjected to Northern hybridization analysis with a negative- 
strand riboprobe to detect viral positive-strand RNA (top panel), a 
positive-«trand riboprobe for HCV negative-strand detection (middle 
panel)» and a riboprobe specific for the detection of cellular p-actin 
mRNA. The positions of viral positive- and negative-strand RNA and 
p-aclin are indicated by arrowheads at the right. For quantification, in 
vitro transcribed replicons corresponding to known amounts of viral 
positive- and negative-strand RNA were mixed with 2 \ig of total 
cellular RNA from naive Huh-7 cells and loaded as indicated at the 
bottom of the figure. We used 4 jig of total RNA from naive Huh-7 
cells as a negative control (Huh-7» lane 1). We quantified the viral 
RNAs by phosphorimaging and found ca. 3 X 10^ negative-strand and 
3 X 10^ positive-strand RNAs per pJ of CRCs in this particular exper- 
iment 



most efficient source for the preparation of active replicase 
complexes, we chose this cell clone for iiirther experiments. 

In vitro replicase activity and viral RNA are fully resistant 
to nuclease and protease treatment. It has been shown previ- 
ously that in vitro replicase activity is resistant to nuclease and 
protease treatment (2, 5, 19, 57). We exploited these results to 
evaluate which fraction of viral RNA and proteins is resistant 
to nuclease and protease, respectively, in order to determine 
the stoichiometiy of the viral components of the HCV repli- 
cation complex. Therefore, we treated CRCs with high con- 
centrations of proteinase K (0.8 or 8 mg/ml) and/or S7 nucle- 
ase (200 or 2,000 U/ml), stopped the reaction by adding PMSF 
or EGTA, respectively, and analyzed an aliquot of the pre- 
treated CRCs for in vitro replicase activity. As shown in Fig. 3, 
in vitro replicase activity was not affected by pretreatment with 
either S7 nuclease (lanes 4 and 5) or proteinase K (lanes 8 and 
9) alone or in combination (lanes 10 and 11). Protease and 
nuclease resistance was not restricted to replicase activity con- 
tained in the CRC fraction but was also found for replicase 
activity in total cell lysate, the nuclear pellet, and supernatant 
1 (data not shown), indicating that the replication complexes in 
the CRC fraction were not a selected subpopulation with dis- 
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FIG. 5. Effect of proteinase K digest on cellular proteins and quantification of protease-resistant HCV nonstructural proteins in CRCs. Equal 
amounts of CRCs prepared from replicon cell clone 9-13 were incubated for 60 min at 25*0 in the presence or absence of 1% Triton X-100 and/or 
0.8 (+) or 8 (+ +) mg of proteinase K/ml and/or 0.2 (+) or 2 (-f +) U of S7 nucIease/jU, respectively, as indicated above each lane. The reaction 
was stopped by the addition of 1.4 mM PMSP and 2.75 mM EGTA and boiled in sample buffer, and total protein equivalent to 2 ^1 of the CRCs 
was subjected to SDS-10% PAGE, In the fivefold-concentrated samples, the proteins were trichloroacetic acid precipitated, and the equivalent of 
10 M.1 of CRCs was loaded. Proteins were either visualized by silver staining (A) or subjected to immunoblot analysis (B) with monodonal 
antibodies specific for the ER luminal part of calnexin (upper panel), a po^donal antiserum raised against HCV NS3 or NS4B (middle two panels), 
and monoclonal antibodies specific for HCV NS5B (bottom panel), as indicated at the right/The concentrated fractions (lane 12) are shown from 
identical expositions of the same blot. A serial dilution of purified NS5B was loaded in parallel for quantification as depicted at the bottom of the 
figure. 



tinct features. HCV replicase activity was only abolished by 
addition of 1% Triton X-100, in the absence (lane 6) or pres- 
ence (lane 7) of additional nuclease, indicating that the resis- 
tance of HCV replicase to proteases and nucleases is mediated , 
by detergent-sensitive structures. The full protease and nucle- 
ase resistance of in vitro replicase activity enabled us to analyze 
which portion of viral RNA and proteins were not affected by 
protease and nuclease and therefore were necessary and suf- 
ficient for RNA synthesis. To address this question, aliquots of 
the protease- and/or nuclease-treated CRCs were analyzed by 
Northern hybridization and immunoblotting to determine the 
ratio of HCV RNA and NS proteins involved in replication. 

We first focused on the effect of S7 nuclease treatment on 
the fate of viral and cellular RNA (Fig. 4). Viral positive- and 
negative*strand RNAs were fitlly resistant to nuclease in 
CRCs, as shown by Northern blot analysis (Fig. 4, top and 
middle panels, compare lane 3 with lanes 4 and 5). The effi- 
ciency of the digest was indicated by the marked reduction of 
28S rRNA in the S7 nuclease-treated samples (Fig. 4, top and 
middle panel, lanes 4, 5, 8, and 9). Protection from nucleases 
seemed not to be mediated by proteins, since further addition 
of proteinase K had no effect on RNA stability (lanes 8 and 9). 
In contrast, the addition of Triton X-100 resulted in complete 
degradation of both viral RNA species, even in the absence of 
exogenous nuclease (lanes 6 and 7), indicating that the RNA 
was protected by membranes rather than proteins and that the 
loss of replicase activity upon detergent.treatment (Fig. 3) was 



primarily due to the destruction of template RNA by endoge- 
nous nucleases and S7 nuclease. In contrast to the viral RNAs, 
the cellular mRNA, exemplified by p-actin, was absent in 
CRCs because it was not attached to membranes or almost 
completely destroyed by the action of endogenous nucleases 
that were liberated during CRC-preparation (Fig. 4, lowest 
panel, lanes 2 and 3) and the remaining uaces were fully 
accessible to S7 nuclease (lanes 4 and 5). 

Taken together, our data indicate that the viral positive- and 
negative-strand RNA in the replication complex is completely 
protected from nucleases and that this protection is mediated 
by detergent sensitive membrane structures rather than by 
proteins. 

Only a minor portion of the HCV NS proteins is resistant to 
protease treatment Since in vitro replicase activity was com- 
pletely resistant to protease and nuclease treatment, the ratio 
of HCV NS proteins to RNA actively involved in RNA syn- 
thesis was determined by the number of nuclease resistant 
RNA molecules compared to protease-resistant protein mole- 
cules. To measure the fraction of viral NS proteins resistant to 
protease, we analyzed aliquots of the differently treated CRC 
samples for the impaa of proteinase K incubation by Western 
blotting (Fig. 5B). Even with the lower protease concentra- 
tions, we found a massive degradation of almost all cellular 
proteins to nearly undetectable amounts (Fig. 5A, lanes 8 to 
11), whereas detergent and nuclease treatment had, as ex- 
pected, no significant effect (lanes 4 to 7). As an example for a 
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cellular protein we chose calnexin for a closer analysis by 
Western blotting with an antiserum directed against its 
N-terminal part, which is located in the lutnen of the endo- 
plasmic reticulum and therefore should be protected from 
proteases in an intact ER structure, whereas the carboxy ter- 
minus was expected to be protease sensitive in a cell lysate 
(57). As shown in Fig. 5B (top panel), no full-length calnexin 
was detectable after protease treatment, and only traces of a 
C-terrainally truncated fragment were visible with the lower 
amount of protease (lanes 8 to 11). Only after fivefold concen- 
tration of the sample were we able to obtain a clear signal (lane 
12). The absence of fiilMength calnexin even in the concen- 
trated samples indicated that the amount of proteinase K we 
used was sufficient for a complete digest. Since the majority of 
the ER-luminal N-terminal calnexin fragments were also ac- 
cessible to protease (Fig. 5B, top panel, signal strength in lanes 
1 to 7 compared to lanes 8 to 11), it seemed that most of the 
regular £R structures were not intact after CRC preparation 
and protease digest. The HCV replication complex therefore 
appean to represent a more rigid structure due to the com- 
plete protease and nuclease resistance of in vitro replicase 
activity. However, when we analyzed the viral nonstructural 
proteins 3, 4B, and 5B after protease digest (Fig. 5B, second, 
third, and lowest panels, respectively, lanes 8 to 12), we found 
detectable amounts again only after fivefold concentration of 
the samples (lane 12). The absence of lower-raolecular-weight 
products indicated the completeness of digestion. Based on 
densitometric analysis and including the dilution factor, we 
calculated that roughly 2.5% of NS5B was resistant to protein- 
ase K digest but accounted for the full replicase activity (Fig. 
3), suggesting that the majority of viral nonstructural proteins 
was not directly involved in RNA synthesis at a given time 
point. The portions of protease-resistant NS3 and NS4B were 
similar, indicating a 1:1 stoichiometry of the NS proteins in the 
replication complex. A serial dilution of purified NS5B applied 
on the same Western blot allowed us to quantify the number of 
NS5B molecules resistant to protease digest (Fig. 5B, lowest 
panel), and we detected ca. 5 x 10' molecules NS5B per ^l1 
CRCs in this experiment. Compared to 3 X 10^ negative 
strands and 3 X 10'' positive strands (Fig. 4), the surprising 
result was that, although only 2.5% of the NS5B molecules 
were engaged in replicase activity at a given time, we still found 
a 1,600-fold excess of NS5B compared to negative-strand RNA 
and a 
> 100-fold excess compared to positive-strand RNA in CRCs, 
The HCV replication complex contains multiple copies of the 
NS proteins. The data obtained from the experiment shown in 
Fig. 3 to 5 (experiment 1) and from an additional, independent 
experiment are summarized in Table 2. Both sets of data re- 
vealed very similar results. Viral positive- and negative-strand 
RNA was entirely resistant to nucleases in preparations of 
replication complexes compared to <3% of NS5B being pro- 
tease resistant. The ratio of positive to negative-strand RNA 
varied and might be dependent on the physiological state of 
the cells at the time of harvest. Negative-strand RNA is the 
most limited component in HCV RNA replication and there- 
fore the best indicator for the total number of active replica- 
tion complexes. Given the data presented in Table 1 and as- 
suming that each active replicase complex contains per 
definition at least one copy of negative-strand RNA, there 



TABLE 2. Portions and ratios of nuclease-resistant positive-strand, 
negative-strand, and protease-resistant NS5B in CRCs 



Parameter* 


Expt 1 


Expt 2 


% Protease-resistant NS5B 


2.5 


2.2 


% Nudease-resistant 


-100 


-100 


positive-strand RNA 






% Nuclease-resistant 


-100 


--100 


negative-strand RNA 






Positive-strand/negadve-strand 


12 ±3 


6±2 


RNA ratio 






NS5Wnegative-strand RNA 


1^±400 


700 + 400 


ratio 






NSSB/jx)sitive-strand RNA 


100 ±20 


110 ±50 



ratio 



* Ratios are given as the mean and standard deviation of four nudease-treated 
samples. 



were on average fewer than a hundred active replication com- 
plexes per replicon eel! but more than a million polymerase 
molecules. After biochemical preparation of .replicase com- 
plexes and excessive protease digest we still found more than 
1,000 NS5B molecules per negative-strand RNA (Table 2) and 
similar amounts of NS4B and NS3, indicating that a huge 
excess of NS proteins is required to build up the viral replica- 
tion complex. 

DISCUSSION 

In the present study we analyzed the stoichiometry of HCV 
RNA and proteins in cells with ongoing HCV replication and 
found a massive excess of structural and nonstructural protein 
molecules over RNA, indicating that each positive-strand 
RNA molecule is excessively translated before a replication 
complex is formed and RNA synthesis is initiated. In agree- 
ment with the polyprotein nature of the major HCV ORF, 
we found all analyzed cleavage products in similar amounts. A 
ca. 1,000- to 10,000-fold excess of viral proteins to positive- 
strand RNA as observed in our study might fit well to the 
requirenients for particle formation, since virions of other en- 
veloped positive-strand RNA viruses such as alphaviruses, tick- 
borne encephalitis virus, or Dengue vims usually contain sev- 
eral hundred copies of structural proteins per particle (22, 
28. 44, 61). 

We wondered whether a similar excess of nonstructural pro- 
teins was required for RNA replication and addressed this 
question by studying crude replicase complexes isolated from 
cells harboring persistent HCV replicons. It has been shown 
previously that in vitro replicase activity is resistant to protease 
and nuclease treatment in CRCS (2, 5, 19) and that in digito- 
nin-solubilized replicon cells only a minor portion of the HCV 
NS proteins is protease resistant and therefore seems to be 
involved in replication (57). Our data here are in good agree- 
ment with these earlier results; however, although we find as 
well that <5% of the NS proteins in CRCs are protease resis- 
tant and account for full replication activity in vitro, this still 
results in a ca. 1,000:1 stoichiometiy of NS proteins to active 
replicase complexes, as estimated by the number of negative- 
strand RNA molecules. 

Based on our data and on previously published electron 
microscopic studies (18, 30), we propose a tentative model of 
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FIG. 6. Schematic model of the HCV replication complex. HCV 
NS proteins are indicated by ellipses; black and gray wavy lines rep- 
resent viral positive- and negative^trand RNAs, respectiveJy. Individ- 
ual NS proteins and RNA are not drawn to scale. For closer explana- 
tions refer to the text. 



the HCV replication complex (Fig. 6). This model is based on 
the well-supported assumption that polymerase activity as 
measured by CRC assays is a component of the replication 
complex and not of isolated enzyme. Multiple copies of HCV 
NS protein complexes encompassing NS3 to NSSB build up a 
vesicular membrane structure, which mediates the protection 
against nucleases and proteases and may hide double-strand 
RNA from detection by the host cells iiinate immune system. 
The existence of HCV NS protein complexes rather than in- 
dividual proteins is indicated by similar fractions of NS3, 
NS4B, and NSSB being resistant to protease and seems plau- 
sible due to the numerous interactions within the NS proteins 
that have thus far been described (7, 16). Each vesicle should 
have a connection to the cytoplasm, allowing the constant 
supply with nucleotides for RNA synthesis, but preventing the 
access of molecules larger than 16 kDa, e.g., 57 nuclease and 
proteinase K. A number of these vesicles accumulate at distinct 
sites in the cytoplasm and form the membranous web, which 
was shown to be the site of RNA replication (30), Within every 
vesicle that contains an active replicase complex we find at 
least one negative-strand RNA, several positive-strand RNAs 
and up to 1,000 copies of each pf the NS proteins. The precise 
stoichiometry of RNA to protein in the replicase complex is 
hard to tell, since a number of replication complexes might 
await initiation of negative-strand synthesis at a given time and 
therefore contain only NS proteins and positive-strand RNA. 
If this variant is frequent, ca. 100 to 200 copies of the non- 
structural proteins per replicase complex would be a more 
realistic estimate. On the other hand, several replicase com- 
plexes might include more than one molecule of negative- 
strand RNA, and therefore the number of NS protein mole- 
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cules per active replicase complex could even be higher. 
Finally, we cannot exclude the existence of vesicles without 
viral RNA, which still might render the included NS proteins 
protease resistant, because the induction of membrane alter- 
ations is an intrinsic property of NS4B (18), and wc do not 
know whether the presence of RNA is necessaty to induce 
protease resistance of the NS proteins. 

Our picture of the HCV replication complex is very similar 
to a model suggested by Nfiyanari et al. (57); however, the data 
presented here provide the first experimental evidence that 
each HCV replication complex is composed of multiple copies 
of the viral nonstructural proteins. This resembles closely re- 
sults obtained for brome mosaic virus (69). It has been shown 
that 400 copies of protein la form a spherular structure con- 
nected to the cytoplasm and containing viral RNA, together 
with a few copies of the viral polymerase 2a, In the case of 
HCV the majority of protease-resistant NS protein complexes 
might as well be required to build up the vesicular structure, 
whereas only a few complexes are required for polymerase 
activity. This calculation is based on the kinetics of RNA and 
protein synthesis in replicon cells: the intracellular levels of 
viral RNA and proteins remain relatively constant over years 
of continuous passaging (62), representing a steady-state situ- 
ation at any given time point. Since the half-lives of viral NS 
proteins and viral positive-strand RNA in replicon cells have 
been shown to be 11 to 16 h (62, 65), the rate of newly syn- 
thesized RNA and protein per day should roughly be in the 
range we find in the steady-state situation (Table 1). Based on 
this knowledge and on our data, we estimate that only about 
1,000 positive-strand RNA molecules are synthesized per day 
per cell by ca. 100 replicase complexes but more than 1,000,000 
copies of NS proteins. In consequence, each newly synthesized 
positive strand has to be excessively translated to yield the 
ascertained surplus of proteins, whereas RNA synthesis is a 
rather rare event, which most likely is achieved only by a few 
NS protein complexes. Given our calculation, <0.1% of all 
NS5B molecules are required to be en^matically active. 

Many positive-strand RNA viruses have evolved strategies to 
regulate the amounts of active polymerase, either by expres- 
sion from an independent cistron, like BMV (69); by the ex- 
pression of a polyprotein containing rarely suppressed stop 
codons, like alphaviruses (47); or by producing stable precur- 
sor intermediates lacking polymerase activity, like poliovirus 
3CD (10). In the case of HCV, polymerase activity could be 
regulated by different conformations of the NS protein com- 
plex, depending on its function. It has been shown that a 
carboxy-terminal region of NSSB, encompassing aa 545 to 562 
inhibits polymerase activity (1) and that only a small fraction of 
purified NS5B containing this region is enzymatically active 
(14). Crystal structure analysis revealed that this carboxy-ter- 
minal domain protrudes into the RNA-binding cavity of NSSB 
and interferes with template binding (46). Deletion of this 
region increases polymerase activity, as well as RNA binding of 
NSSB (46); therefore, it is tempting to speculate that the ma- 
jority of NSSB is inactive after translation by refolding of the 
carboxy terminus into the RNA binding cleft, whereas only 
those few molecules that stay bound to the viral RNA keep the 
template bmding site in an open conformation and retain en- 
zymatic activity. The ability to self-inactivatc viral polymerase 
not required for RNA synthesis might represent an alternate 
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Strategy to deal with the stoichiometric constraints of a 
polyprotein. 

In contrast, the majority of NS protein complexes not di- 
rectly involved in RNA synthesis may be required, e.g., as a 
struaural component of the membrane vesicle. The viral NS 
protein primarily involved in this process is NS4B, since it is 
able to induce vesicular structures even in the absence of other 
HCV proteins (18). The diflferent roles of nonstructural pro- 
tein complexes might be regulated by the association with 
individual host cell factors, such as hVAP-A, a cellular protein 
that has been shown to interact with NS5A and NS5B (20, 75). 
Since this protein is invoWed in intracellular vesicle trafficking, 
it seems to be a good candidate for a cof actor of membrane 
structure rearrangements and has already been suggested to be 
involved in HCV replication complex formation (2, 29). In 
addition, other cellular factors might be required for RNA 
synthesis. A detailed biochemical analysis of the protease re* 
sistant NS protein fraction might reveal some of the cellular 
proteins that are directly invoWed in the formation of the 
replication complex and in RNA synthesis. 

The functions of the protease sensitive portion of the NS 
proteins, encompassing >95%, remain obscure. Since our 
analysis presents a snapshot at a given time point and we have 
no precise data on the dynamics of replication complex forma- 
tion and degeneration, parts of these proteins might be in the 
process of vesicle generation and disintegration. The remain- 
der could simply be a by-product of structural protein synthe- 
sis, which might be required in excess amounts for virus pro- 
duction. Miyanari et al. (57) suggested potential roles of the 
NS proteins in virion formation or indirect modulation of viral 
replication by interaction with host cell proteins. Along the 
same line, the NS3/4A moiety might be required to block the 
IRF-3 induced pathway of the host cells' iimate immune sys- 
tem, which has recent^ been shown to play a critical role in 
HCV replication (23). 

In the present study we have shown that during the replica- 
tion cycle of HCV a massive excess of nonstructural proteins is 
produced due to extensive translation. An interesting but yet 
unanswered question is how the transition of translation to 
replication is regulated. A number of proteins have been 
shown to bind to the HCV 5' NTR, which might be involved in 
this process (3, 4, 35, 40, 55); alternatively, the switch could rely 
on concentration-dependent inhibition of translation by an 
HCV protein. Interestingly, we found no significant differences 
in the ratio of HCV RNA and protein between an authentic 
HCV genome, a monocistronic replicon, and a bicistronic rep- 
licon (Table 1), indicating that the nature of the IRES-element 
directing translation of the NS proteins is not important for 
this stoichiometry. After translation, replication complex for- 
mation and RNA synthesis, the progeny RNA has to get back 
into the cytoplasm to enter a new round of translation/repli- 
cation or packaging into particles. We currently do not know 
whether this process includes an active transport, as in the 
replication cycle of double-stranded RNA reoviruses (67), or if 
the progeny RNA accumulates in the replication complex and 
is released by disintegration of the vesicle. 

An obvious limitation of our analysis is the fact that no viral 
particles are produced by the chosen replication systems (64). 
Since we do not know how many positive-strand RNA mole- 
cules would end up in virions and whether viral genomes un- 



dergo translation prior to packaging, it is veiy hard to predict 
the consequences of simultaneous RNA replication and parti- 
cle morphogenesis on the ratio of RNA to proteins in infected 
cells. While the manuscript was in preparation, three indepen- 
dent studies demonstrated the production of infectious HCV 
particles in cell culture with the NS proteins of the JFH-1 HCV 
isolate (49, 77, 81). It will be interesting to evaluate our find- 
ings in this system covering the whole life cycle of HCV. 
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Summary 

We show that brome mosaic virus (BMV) RNA replica- 
tlon protein la, 2a polymerase, and a c/s-acting repli- 
cation signal recapitulate the functions of Gag, Pd, 
and RNA packaging signals in conventional retrovirus 
and foamy virus cores. Prior to RNA replication, la 
forms spherules budding into the endoplasmic reticu- 
lum membrane, sequestering viral posttive-strand 
RNA templates in a nuclease-resistant, detergent-sus- 
ceptible state. When expressed, 2a polymerase colo- 
calizes in these spherules, which become the sites of 
viral RNA synthesis and retain negative-strand tem- 
plates for positive-strand RNA synthesis. These re- 
sults explain many features of replication by numerous 
positive strand RNA viruses and reveal that these vi- 
ruses, reverse transcribing viruses, and dsRN A viruses 
share fundamental similarities in replication and may 
have common evolutionary origins. 

Introduction 

Positive-strand RNA ([+]RNA) viruses, which contain 
messenger-sense, single-strand RNA in their virions, 
comprise over one-third of loiown virus genuses (veui 
Regenmortel, 2000). One (+)RNA virus, hepatitis C virus, 
chronically infects neariy 3% of the worid population, 
causing progressive liver damage and liver cancer. 
(+)RNA viruses also Include West Nile virus, foot and 
mouth disease virus, and many other serious pathogens. 

(+)RNA viruses replicate their genomes through nega- 
tive-strand RNA ([-]RNA) intermediates. All Imown 
(+)RNA viruses replicate their RNA on intracellular mem- 
branes in association with vesicles or other membrane 
alterations (Froshauer et al., 1 988; Westaway et al., 1 997; 
Egger et al., 2000; Suhy et al., 2000). While membrane 
association is important for viral RNA synthesis (Wu et 
al., 1992; Molla et al., 1993; Lee et al., 2001), the nature 
and function of this membrane association and the orga- 
nization of the replication complex are poorty under- 
stood. 

One (+)RNA viriis that has been studied as a model ^ 
for RNA replication is brome mosaic virus (BMV), a mem- 
ber of the alphavirus-Iike superfamily of human, animal, 
and plant viruses. BMV has three genomic RNAs, RNA1 
and RNA2 encode essential RNA synthesis proteins la and 
2a. 1a (109 kDa) has a C-termlnal hellcase-like domain 

'Correspondence: ahlquist&f acstaff.w1sc.edu 
* These authors contributed equally to this woik. 



and an N-temiinal domain with m^G methyltransferase 
and covalent m'GMP binding activities required for viral 
RNA capping in vivo (Kroner et al., 1990; Ahda et al., 
2000)« 2a (94 kDa) has a central polymerase-like domain 
and an N-terminal domain that interacts with the la 
heltoase domain (Kao and Ahlquist, 1992). RNA3 en- 
codes 3a, required for cell-to-cell spread in BMV's natu- 
ral plant hosts, and coat protein (Figure 1 A). Coat protein 
is translated from a subgenomic mRNA, RNA4. 

la and 2a direct BMV RNA replication In Saccharo- 
myces cerevisiae (Janda and Ahlquist, 1993), duplicat- 
ing ail known features of BMV rsplication in plant cells. 
In plant cells and yeast, 1a targets itself and 2a to the 
endoplasmic reticulum (ER) for RNA synthesis (Res- 
trepo-Hartwig and Ahtquist, 1996, 1999). In the absence 
of 2a, la dramatically stabilizes BMV genomic RNAs 
while blocking their translation (Janda and Ahlquist, 
1998). This la-viral RNA interaction is required for 
(-)RNA synthesis and appears to reflect initial selection 
of viral RNA templates for replication. RNA2 and RNA3 
sequences necessary and sufficient for la respon- 
siveness are also required for RNA replication and con- 
tain a required, tRNA-like IN^C stemloop (Sullivan and 
Ahlquist, 1999; Chen et al., 2001). Separate, 3'-tenminal 
tRNA-like sequences direct ('-)RNA initiation (Sullivan 
and Ahlquist, 1997). 

Another class of viruses encapsidating mRNA is the 
retroviruses, which replicate by tRNA-primed reverse 
transcription of a DNA intermediate (Coffin et a(., 1 997). 
All retroviruses encode Gag, a multidomain structural 
protein, and Pol, which has reverse transcriptase activ> 
ity. Retroviruses express Gag and lesser amounts of 
a Gag-Pol fusion, which, for type C retroviruses and 
lentiviruses like HIV, accumulate at the plasma mem- 
brane. Acting through specific RNA signals. Gag encap- 
sidates viral RNA and enveiopses the capsid with plasma 
membrane. Gag-Pol is not required for encapsidatton 
but, if present, is incorporated in the capsid. For most 
retroviruses, reverse transcriptnn initially is bkx:ked by 
a requirement for proteolysis of Gag and Gag-Pol, which 
occurs after virus budding. However, in the foamy retro- 
virus genus, substantial reverse transcriptkin occurs be- 
fore budding (Linial, 1999). Moreover, in hepadnavi- 
ruses, reverse transcription is completed in virion cores 
before budding (Seegerarwi Mason, 2000). tRNA-primed 
retroviral reverse transcription has been proposed to 
have evoh/ed from initiation of RNA synthesis tjy an eariy 
RNA vims with a tRNA-like 3' end similar to that of BMV 
and some other (+)RNA viruses (Weiner and Maizels, 
1987; Wang and Lambowitz, 1993). 

To better understand (+)RNA virus replication, we 
studied the nature of la-stabilized RNAS and the BMV 
RNA replication complex. The results reveal strong par- 
allels with conventional retrovirus and foamy virus cores, 
showing that la, 2a, and the 1a-responsive BMV RNA 
signals reprise the roles of Gag, Pol, and RNA encapsl- 
dation signals, respectively, to produce membrane- 
bound, pcirtially budded spherules sequestering replica- 
tion templates for synthesis. These results provide a 
mechanistk: explanatksn for many features of (+)RNA 
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Figure 1. la Transfers RNA3 into a 
brane-Assodated, RNase-Reslstant State 

(A) cDNA and flanking regions In RNA expres- 
sion plasmlds. The arrow depicts the yeast 

r promoter and boxes denote open read- 
ing frames. A self-Gleavfng rtt>ozynie (Rz) de- 
fined the RNA3 3' end. RNA3ARE contains a 
deletion of the RE c/s element In globfn 
mRNA, the tujman ^-glob}n gene was flanked 
by the G^7 5' untranslated region and yeast 
ADH1 po)y(A) site. In globlnRE, the BMV RE 
was inserted after the ^'9k>b^n gene. Glo- 
binREAB contains the RE with a deletion of 
RNA3 nt 1100-1113. including box a 

(B) Northern and Westem biot analysis of the 
distributions of RNAd, 1a, and integral ER 
membrane protein Dpml in total (T), 20,000 x 
9 supernatant (S) and pellet <P) fractions from 
lysates of yeast expressing RNA3 with or 
wittioutla. 

(C) Distribution of RNA3, 1a, and Dpml after 
sucrose gradient flotation analysis of lysate 
from yeast expressing 1a+RNA3. 

(D) Distribution ot RNA3 in supematam and 
pellet fractions as In (B) using lysates of yeast 
expressing RNA3 with or wlttiout 1 a. fraction- 
ated after no additional treatment (None) or. 
treatment with 0.5% NP-40 for 1 S min at OX 



(Det), 0.01 U/»J micrococcai nuclease for 15 min at 30*C (RNase), or 0.5% NP-40 followed by micrococcal nuclease <Det/Rf4ase). 

(E) Analysis as In (D) of RNA3, RNA3ARE» and gkibin mRNA derivatives expressed with la 

(F) Analysis as in (D) of (-)RNA3 and (+)RNA In lysates of yeast expressing la+2a-f RNA3 and replicating RNA3. To facTitate comparison, a 
light exposure of the (+ )RNA3 blot Is shown. See Figure 4A, lanes 1-4 to contiBst amplified and unampHfied (+)RNA3. 



viruses in and beyond the alphavirus-like superfamiiy. 
They further imply that these (+)RNA viruses, reverse 
transcribing viruses, and dsRNA viruses, which all use 
mRNA replication intermediates, use related mecha- 
nisms for nucleic acid replication and may have evolved 
from common ancestors. 

Results 

la Transfers RNA3 to a Membrane-Associated, 
Nudease-Resistant State 

ER membrane-associated BMV 1 a protein increases the 
in vivo half-life of BMV genomic RNAs from 5 min to 
over 3 hr but renders these RNAs untranslatable (Janda 
and Ahlquist, 1998). Since these effects are closely 
linked to template selection for RNA replication (Sullivan 
and Ahlqulst, 1 999), we examined the state of 1 a-stabi- 
lized BMV RNAS. Lysates of yeast expressing RNAS 
alone or with 1 a were centrifuged at 20,000 x g to yIekJ a 
membrane-containing pellet and a supematant fraction. 
Representative results are shown in Figure 1 . When ex- 
pressed aione, RNAS was recovered exclusively in the 
supematant (Figure 1 B, lanes 1 , 3, and 5). 1 a increased 
the accumulation of RNAS transcripts 20-fold (lane 2) 
and caused 85%-90% of this RNAS to fractionate in the 
pellet, together with the majority of 1a and an integral 
ER membrane protein, Dpml , followed as a control (lane 
6). Retention of 10%*15% of RNA3 in the supematant 
was paralleled by similar fractions of 1 a and Dpml (lane 
4). This suggests that the supematant retained some 
membrane, perhaps as fragments or vesicles too small 
to pellet under these conditions. Thus, in addition to 1 a- 
independent RNA3 pools, the supematant may retain 
some la- and/or membrane-associated RNAS. 



To confirm that la-induced RNA3 sedimentation- 
reflected membrane association rather than aggrega- 
tion, we used density gradient flotation (Figure 1C). 
Yeast lysate was loaded at the bottom of a sucrose 
gradient and centrifuged under conditions where mem- 
branes and membrane-associated factors float to the 
top fractions, while cytosolic proteins remain at the bot- 
tom. Without 1 a, RNAS remained at the bottom of such 
gradients (data not shown). In the presence of 1 a, 75% 
of RNAS floated to the top gradient fractions together 
with the majority of la and integral membrane protein 
Dpml (Figure 1C). Consistent with this, treating lysates 
of cells expressing la + RNAS with nonionic detergent 
NP40 to disrupt memt)ranes released 90% of RNA3from 
the pellet into the suisematant (Figure ID, top two 
panels). 

1 a also rendered RNAS strikingly more nuclease resis- 
tant In extracts from cells expressing RNAS but not 1 a, 
micrococcal nuclease degraded >95% of RNAS (Rgure 
ID, third panel) and ribosomal RNA (data not shown) 
in the intact ribosomes of such lysates. After identical 
treatment of lysates from cells expressing 1a+RNAS, 
>95% of RNAS fractionating to the pellet survived. 
Twenty percent of RNA3 in the supernatant also survived 
nuclease treatment, consistent with Figure 1 B results, 
suggesting that the supematant may contain some re- 
sidual la- and/or membrane-associated RNAS (see 
at)ove). In l)oth fractions, la-Induced nuclease resis- 
tance was lost after treating with NP40 (Rgure 1 D, bot- 
tom panel). 

la-Induced RNA Protection Is Controlled 
by the RE c/s Signal 

Efficient 1 ^-mediated RNAS stabilization and RNAS rep- 
lication require the 1 50 nt, c/s-acting, intergenlc replica- 
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tion enhancer (RE) elenrient (Rgure 1A) (Sullivan and 
Ahlquist, 1999). Deleting the RE suppressed 1a-induc- 
tion of a rapidly sedimenting, nudease-reslstant, deter- 
gent-sensitive RNA3 fraction over 10-fold (Figure IE, 
lanes 1-4). Conversely, adding the RE rendered ^-globin 
mRNA highly la responsive, yielding a 1a-dependent, 
10-fold stimulation of globin RNA accumulation and 
recovery of this RNA in a membrane-associated, 
nuciease-resistant form (Figure 1 E, lanes 5-^. The RNA 
replication functions of the RNA3 RE and a related la- 
responsive signal in BMV RNA2 require a conserved 
sequence, box B, matching exactly the invariant nt and 
structure oftRNAT^C stemloops(Sullhran and Ahlquist, 
1999; Chen et al., 2001). Deleting box B from globinRE 
RNA suppressed la responsiveness (lanes 9-10). 

Interestingly, even RE-defective RNAs RNA3ARE, glo- 
bin, and globinREAB showed weak, 1 a-dependent ac- 
cumulation of nuciease-resistant RNA in the pellet (Fig- 
ure 1 E, lanes 4, 6, and 1 0), although the level was only 
a few percent of that for RE-contalning RNAs Oanes 2 
and 8). This corresponds well with previously observed, 
low-efficiency interaction of 1 a with nonviral RNAs (Sulli- 
van and Ahlquist, 1999} and parallels nonspecific RNA 
Interactions of Gag (see Discussion). 

(-)RNA3 Is Retained in the Membrane-Associated, 
Protected State 

Coexpressing la, 2a, and RNAS leads to synthesis of 
(-)RNA3, which is copied to produce new (+)RNA3. 
Ninety percent of (-')RNA3 was recovered In the pellet 
in a highly nuciease-resistant state, similar to (+)RNA3 
(Figure 1 F). The residual (-)RNA3 in the supernatant was 
also almost completely nuclease resistant but detergent 
susceptible, suggesting that it was also la associated 
as discussed at}ove. 

la Induces Perinuclear, ER Lumenal, 
Membrane-Bound Spherules 

In plant cells and yeast, confocal microscopy shows 
that la directs itself, 2a, and viral RNA synthesis to 
ER membranes, predominantly in the perinuclear region 
(Restrepo-Hartwig and Ahlquist, 1996, 1999; Chen and 
Ahlquist, 2000). Since Rgure 1 indicated that (+)RNA 
and (-]RNA replication templates are In a novel, la- 
induced, membrane-associated environment, we used 
thin section electron microscopy (EM) to examine wt 
yeast and yeast expressing la, 2a, and RNAS individu- 
alty, together, and in all pairwise combtnatfons. 

In cells expressing 1 a, the lumen between inner and 
outer perinuclear ER membranes was expanded for 
much of the nuclear circumference and filled with nu- 
merous 50-70 nm vesicles or spherules (Figure 2B). In- 
distinguishable spherules were seen in cells expressing 
la, 1a+RNA3, 1a+2a, or 1a+2a+RNA3. Ceils express- 
ing 2a, RNA3, or both without la lacked spherules and 
were indistinguishable from wt yeast (Figure 2A). Thus, 
la was necessary and sufficient to induce spherules, 
and 2a, coat protein, or other BMV genes were not re- 
quired. Results below show that these spherules were 
the major sites of 1 a accumulation and, in cells express- 
ing 1 a+2a+RNA3, were the sites of BMV RNA synthesis. 
Moreover, these 1 a-induced spherules and further de- 
tails of their structure seen below correspond closely 
with spherules in bromovirus-lnfected plant cells and 




Rgure .2. la Induces Perinuclear, ER Lumenal Spherules 
Representative electron micrographs of yeast cells expressing (A) 
no BMV components, (B) la. or (C-E) la-f2a+RNA3 are shown. 
Labels denote cell wall (CW), plasma membrane (PM), nudeoplasm 
(Nuc), cytoplasm (O^o^ vacuole (V), and ER lumen (ERL). Arrow- 
heads indicate splittng/rejoinlng of the outer and Inner nuclear enve- 
lope. Samples were postfixed with osmium except tor (D) which 
was postfixad with tannic acid. For yeast were spheraplasted 
prior to fixation. 



plant and animal cells infected with diverse (+)RNA vi- 
ruses (Hatta et al., 1973; Kim, 1977; Froshauer et al., 
1988; Westaway et al., 1997; Kujala et al., 1999) (see 
also Discussion). Thus, such structures are a normal 
feature of replication by BMV and many other (+ )RNA 
viruses in natural host cells. Cells expressing la also 
showed some fragntentation of the central vacuole (Rg- 
ure 2B), which can be caused by general stress or modu- 
lation of vesicle traffic, possibly due to reduced availabil- 
ity of ER membrane (Payne et al., 1987). 

In most sections, the ER lumenal spherules were 
crowded into overlapping masses. However, some sec- 
tions showed discretOp membrBne-tx>unded spheotles 
surrounded tiy less electron dense lumen (Figure 2C). 
Similar rows of spherules were visible when cells were 
postfixed with tannic acid instead of osmium, allowing 
Increased lipid extraction (Figure 2D). Since compres- 
sion of spherules into overlapping masses obscured 
details, we spheroplasted cells to relieve osmotic pres- 
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Rgure 3. Details of Sptiemles Copurffled with Nuclei 
Representative electron micrographs of nudel from yeast express- 
ing (A) no BMV components or (B-E) 1 a+2a'fRNA3 are shown. Open 
arrowheads Indicate potential connections between spherules and 
the outer nuclear envelope. ERU ER lumen; CF. cytoplasmic face 
of outer ER memt>rano. 



sure. Under these conditions, the affected ER lumen 
dilated, and rows of adjacent, usually nonoverlappihg 
spherules were seen (Figure 2E). 

To further explore the nuclear association of these 
spherules, we isolated nuclei from yeast expressing 
1a+2a+RNAd, la alone, or each paired combination. 
For each yeast type, hundreds of isolated nuclei were 
examined by thin section EM, and representative results 
are shown in Figure 3. Nuclei from wt yeast retained an 
intact double membrane with constant lumenaJ spacing 
and no lumenal spherules (Figure 3A). As in sphere* 
plasted cells, nuclei from yeast expressing 1 a+2a+RNA3, 
1a+2a, 1a+RNA3, or 1a alone displayed extended re- 
gions of dilated perinuclear ER lumen-containing spher- 
ules (Figures 3B and 3C). Spherules had a single, 
bounding lipid bilayer and contained condensed or fibril- 
lar material (Figures 3C and 3D). The diameter of spher- 
ule sections varied from 30 nm or less up to 70 nm, 
which must include variation due to different planes 
of sectioning as well as any variations in overall size. 
Spherules were primarily adjacent to the outer ER mem- 
brane (Figures 3B and 3C) and in many cases appeared 
connected to this membrane (Figures 3C->3E). In some 
sections, the spherule membrane appeared continuous 
with the outer ER membrane, fbrming an Invagination 
connected by a necl^ (Rgure 3E, top left panel; see also 
Rgures 4F and 6C), as found for spherules in bromovi- 
rus-infected plant cells and alphavlms-infected animal 
cells (Kim, 1977; Froshauer et al., 1988). 
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Figure 4. Association of BMV RNA Synthesis with Spherules 

(A) Western, Northern, and RdRp analyses of nuclear preparations 
from yeast expressing the indicated BMV components. 

(B) Excess of (+)RNA over (-)RNA in RdRp products synthesteed 
by nuclear preparations from yeast expressing 1a+2a+RNA3. Equal 
amounts of unlabeled (+)RNA3 Qeft lane) and (-)RNA3 (right lane) 
in vftro transcripts were etectrophoresed on an agarose gel, trans- 
fOn«d to membrane^ and fiytiridized to ''P-labeled RdRp products. 
As a caHlxatlon standard, equal amounts of *^-4abeled (•(-) and (-} 
In vitro transcript probes were hybridized to a parallel blot. 

(C) Agarose gel electrophoresis of BMV RdRp products before and 
after dertaturation by brief boiling. 

P) RNase and detergent susceptibility assays, as In Figure ID, of 
membrane-associated RdRp products In nuclear preparations from 
yeast expressing 1a+2a+RNA3. 

(E and F) Examples of Incorporated BrUTP Immunogold lat)ellng of 
spherules from cells expressing 1 a-f 2a+ RNA3 and replicating RNA3 
are shown. 



BMV RNA Synthesis Is Associated with Spherules 
Since BMV RNA synthesis occurs on perinuclear ER, 
and RNA-dependent RNA pofymerase (RdRp) activity 
remains membrane-associated after lysis (Quadt et al., 
1995), we tested nuclei from yeast expressing selected 
combinations of la, 2a, and RNA3 for RNA replication 
templates, products, and RdRp activity. All components 
and activities were distributed as expected for la- 
induced, nuclear-associated replication complexes, la 
was recovered with nuclei with or without 2a or RNA3 
(Rgure 4A, lanes 1^. Without la, only trace amounts 
of 2a and RNA3 were present with nuclei Oane 4). With 
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1 a, levels of 2a and RNA3 were greatly enhanced (lanes 

2 and 3). Nuclei from yeast expressing 1a+2a+RNA3, 
but no lesser combination, carried amplified (+)RNA3 
in addition to the other products and intermediates of 
RNA replication, i.e., (-)RNA3 and (+)RNAand (-)RNA4, 
the coat protein mRNA (lane 1). 

Nuclear preparations from yeast expressing 
1a+2a+Rr4Ad had the unique, actinomycin D-reslstant 
ability to incorporate radiolak>eled rffTPs into BMV repli- 
cative intermediate RNA that coelectrophoresed on aga- 
rose gels with dsRNAS (Rgure 4A, bottom paneQ. This 
BMV-specific, radiolat>eled product contained a 6:1 ex- 
cess of (+)RNA3 over ('-)RNA3 sequences (Figure 4B), 
consistent with the excess of (+)RNA over (-)RNA pro- 
duced by BMV replication in yeast or plant cells (Ishi- 
Kawa et al., 1 997b). After denaturing by brief boiling, the 
m£gor products migrated with single-strand RNA3 and 
RNA4, together with smaller products consistent with 
partially completed RNA3 and RNA4 (Figure 4C). In un- 
disrupted nuclear preparations, these RNA products 
sedimented with membranes and were highly nuclease 
resistant until treated v^ith nonionic detergent (Figure 
40). Thus, their behavior paralleled 1a- and membrane- 
associated BMV (+)RNA3 and (-)RNA3 in Rgure 1 . 

In plant and yeast cells, cotifocsA microscopy shows 
that BMV RdRp incorporates BrU into RNA on perinu- 
clear ER membranes at higher levels than nuclear tran- 
scription and in an actinomycin D-resistant manner 
(Restrepo-Hartwig and Ahlquist, 1996, 1999). To more 
precisely localize newly synthesized BMV RNA, we incu- 
bated isolated nuclei with ATP, CTP, GTP, and BrliTP 
and performed immunogold EM with an antibody recog- 
nizing BrU incorporated into RNA, but not unincorpo- 
rated BrUTP, followed by a secondary antibody conju- 
gated to gold particles. For nuclear preparations from 
yeast expressing 1 a+2a+RNA3, spherules were the ma- 
jor site for incorporated BrU (Figures 4E and 4F). When 
over 400 gold particles on such sections were analyzed; 
28% were found on nucleoplasm as expected for nu- 
clear transcription, 45% were on la-induced spherules, 
and an additional 9% were within 10 nm of spherules, 
a distance readily spanned by a j^rimary-secondary anti- 
body complex (Hayat, 1991). In some cases, anti-BrU 
gold localized to the necks connecting spherules to the 
cytoplasm (Figure 4F, top row of inset images). As a 
control, we examined nuclei from yeast expressing 
1a+2a, but no RIMA3 replication template. Only 4% of 
gold particles were on or near splierules, leaving the 
nucleoplasm as the dominant accumulation site (70%). 
Some gold particles (18% for 1a+2a+RNA3 and 26% 
for 1a+2a) were not associated with ctearty identifiable 
nucleoplasm or spherules, due to some damaged struc- 
tures in the preparations, to immunolabeling t)aclc- 
ground, and possibly to release of RNA products. 

Individual Spherules Contain Many la Proteins 
and 2a Polymerase 

lmmurK)gold EM with an anti-la antibody revealed that 
most BMV spherules labeled with multiple gold parti- 
cles, typically 5-8 but with examples of 1 2 or more per 
spherule (Rgure 5A). Similar 1 a lak)eling was seen for 
spherules from all yeast expressing la, with or without 
2a or RNA3. Anti-1 a gold was also found on some outer 




Figures. Muttipla la Roteins and 2a Protein Are Localized in 
Sphenjies 

Examples of (A) anti-la and (B) anti-2a Immunogold labeling of nu- 
clear preparations from yeast expressing 1a+2a+RNA3 are stiown. 
Cell components are labeled as In Rgures 2 and 3. Reduced mem- 
brane definition was due to the need to (A) omit or (B) 1 e-f old reduce 
osmium fixation to preserve antigenicity. 



nuclear membrane regions lacking obvious sphemtes 
(Rgure 5A), although some spherules may have been 
obscured by sectioning near the spherule edge or by 
lower resolution due to the need to omit osmium fixation 
and staining to preserve la antigenicity. Nuclei from 
cells lacking la showed no labeling above background. 

Since spherules were 50-70 nm in diameter and antl- 
t)odies access at most 5 nm per sectkm (Kellenberger 
et al., 1987), the multiplicity of la lat>ellng per section 
implied that individual spherules contain at least 50-*1 00 
la proteins. This is likely a significant underestimate 
due to Immunogold labeling inefficiencies caused by 
difficulties in preserving antigenicity of samples fixed 
for EM (Rgure 5, legend) and other factors. 

To localize 2a, we constmcted a 2a derivative with an 
N-terminal HA epitope tag, which gave wt levels of BMV 
RNAreplk:ation. For cells expressing 1a+HA-2a+RNA3 
and replicating RNA3, immunogold EM with antl-HA an- 
tibody revealed labeling on spherules, with rarely more 
than one \abe\ per spherule section (Figure 5B). Much 
less frequently, goki particles were seen on the perinu- 
clear membrane in regions lacking obvious spherules. 
ER membranes and spherules from cells expressing 1 a, 
RNA3, and wt 2a lacking the HA epitope tag showed no 
latieling atx>ve tiackground. 

To further explore la and 2a levels In RdRp-active 
spherule preparations, we isolated nuclear membranes 
free of nucleoplasm (Kashnig and Kasper, 1 969). Prepa- 
rations from cells expressing no BMV components 
showed well-preserved nuclear membranes but no in- 
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1a:(-i-)RNA3 252^62 

1a:2a 26±7 

('^)RNA3 :HRNA3 1.6 ±0.2 

2a:('^)RNA3 10,1 ±2.5 

2a:(-)RNA3 15.6 ±1.8 

Rgure 6. Levels of la, 28, and RNA3 In RdRp-Competent Nudear 
Membrane Preparations 

(A) Total protein, Western, Northern, and RdRp analyses of nuclear 
membranes from yeast expressing the indicated BMV components. 
(B and C) EM analysts of nuclear membrane preparations from ceils 
expressing (B) no BMV components or (C) 1 a+2a+RNA3 are showa 
Open am}wheads indicate potential connections between spherules 
and the cytoplasm. 

p) Ratios between BMV components In nuclear membranes from 
cells expressing la+2a+RNA3 (see Results). 

tact nuclei or nucleoplasm (Figure 6B). In contrast, nu- 
clear membrane from cells expressing 1a+2a-f RNA3 
retained la, 2a, (+)RNA3 and (-)RNA3, RdRp activity 
whose product had identical characteristics to that from 
full nuclear preparations, and spherules (Figures 6A and 
6C). In many cases, necks were visible connecting 
spherules to the membrane (Rgure 6C). 

Gel electrophoresis of total protein from these prepa- 
rations revealed that la was one of the most abundant 
proteins in the spherule-bearing nuclear membranes 
(Rgure 6A). 1 a levels in these extracts were estimated by 
comparison with known amounts of coelectrophoresed, 
purified protein standards. 2a levels, which were not 
detectable by staining, were measured by quantitative 
Western blotting calibrated against known amounts of 




Rgure 7. Model for BMV RNA Replication Complex Assembly and 
Function 

Rease see Discussion for details. 

purified 2a. RNA3 levels were measured by quantitative 
Northern blotting calibrated with known amounts of 
(+}RNA3 and (-)RNAd in vitro transcripts. Averaging the 
results over muKiple preparations (Rgure 6D) revealed 
that in these spherule-bearing nuclear memtirane prep- 
arattons with active RdRp, 1 a was present in '^'400-fold 
excess over (-)RNA3 templates, 250-fold excess over 
(+)RNA3, and 25-fold excess over 2a. The relation of 
these ratios to retroviruses is considered in the Dis- 
cussion. 

Discussion 

The results presented here reveal close parallels be- 
tween the functions of la, 2a polymerase, and the c/s- 
acting RE signal in BMV RNA replication and Gag, Pol, 
and RNA packaging signals in retrovirus and foamy virus 
assembly and replication. Below we discuss similarities 
with other (+)RNA vinises, further parallels with reverse- 
transcribing and dsRNA viruses, and evolutionary impli- 
cations. Rgure 7 combines the results In a new model for 
BMV RNA replication complex assembly and function. 
In the presence or absence of 2a, la localizes to the 
cytoplasmic face of the ER membrane (Rgure 7A) (Res- 
trepo-Hartwlg and Ahlquist, 1 999). RNA3 templates initi- 
ate interaction with la via the RE signal (Figure 1 E) and 
are sequestered by assembly of multiple la proteins 
into membrane-bound spherules (Figures 5A, 7B, and 
7C), resulting in the 1 a-induced, membrane-associated, 
RNase-resistant state. When 2a is present (Rgures 7A- 
7C), it interacts with la and cotocalizes to ER mem- 
branes (Chen and Ahlquist, 2000) at levels ^^'5% of those 
for 1a (Rgure 6D) and is incorporated into spherules 
(Rgure 5B). 2a, with 1 a, then synthesizes a (-)RNA (dot- 
ted line) that is retained in the spherule (Figures IF, 
7D, and 7E) and used to synthesize progeny (+)RNA3 
(Figures 4 and 7E) for export to the cytoplasm (see be- 
low). For simplicity, only one of several possible relation- 
ships t)etween (+)RNA synthesis and export is shown 
in Rgure 7E. 

la-Induced Spherules Parallel Gag-Induced 
Virion Budding 

Like retrovirus Gag, la localizes kiy N-proximal se- 
quences to the cytoplasmic face of its target membrane 
(den Boon et al., 2001), interacts with itself (O'Reilly et 
al., 1998), and is the sole protein required to induce 
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a membrane-invagmating sphemte (Rgures 2 and 3). 
Consistent with immunogold labeling (Rgure 5^, there 
are hundreds of la's per spherule since (i) most la is in 
spherules with the remainder on flanking ER membrane 
(Figure 5A); (ii) there are similar numbers of spherules 
and (-)RNA3 per cell (Figures IF, 2B, 6D, and similar 
results); and (iii) there are ^^^00 1 a proteins per (-)RNA3 
(Figure 6D). This appears sufficient for la to form an 
inner shell to Induce and stabilize fbmratfon of the 50-70 
nm spherules, since the rim shell of reovirus cores 
Is formed by 120 copies of a slightly larger \1 protein 
(Reinisch et al., 2000). In keeping with the high ratios of 
1a per spherule and per viral RNA, la is one of the 
nrK>st abundant proteins in spherule-containing nuclear 
membranes (Figure 6A) and Is the limiting factor for 
stabilizing RNA3 in vivo (Sullivan and Ahtquist, 1999) 
and wt BMV RNA replication (Dinant et al., 1993). 

The necks connecting spherules to the outer nuclear 
membrane (e.g., Figures 3E, 4F, and 6C) were reminis* 
cent of membrane stalks that connect budding retrovirf- 
ons to the plasma membrane before separation, and 
thin stalks attached to newly budded retrovirfons (Swan- 
strom and Wills, 1997). Moreover, mutations in Gag L 
domains block virion separation, producing large num- 
bers of attached, budding virions similar to the ER fields 
of la-induced spherules (Swanstrom and Wills, 1997). 

RE Parallels Retroviral Encapsidation Signals 
Efficient la-induced sequestration of RNA3 derivatives 
in the membrane-associated, RNase-resistant state re- 
quired the RE (Rgure 1 E), which is essential for efficient 
RNA3 replication and tightly linked to selection of RNA3 
templates (Sullivan and Ahlquist, 1999). These RE func- 
tions parallel retroviral RNA encapsidation signals. Mini- 
mal retroviral packaging signals usually Include struc- 
tured regions, % between the LTR and Gag open 
reading frame. Other upstream or downstream se- 
quences can contribute to packaging efficiency. Simi- 
lariy, tfie extended stemioop of the RNA3 RE (Baumstark 
and Ahlquist, 2001) is necessary and sufficient for la- 
induced RNA capture (Figure 1E), but 5' noncoding 
changes can modulate 1 a Interaction efficiency (Sullivan 
and Ahlquist, 1 999). 1 a~responsive signals in BMV geno- 
mic RNA2 are similar to packaging signals In murine 
leukemia retrovirus: for both, primary c/s signals are 
structured elements in the 5' untranslated region, and 
downstream coding sequences enhance efficiency (Ber- 
kowitz et al., 1996; Chen et al., 2001). 

Retroviral Gags interact with RNAs 20- to 200-f6ld 
mors efficiently than ^' RNAs (Swanstrom and Wills, 
1997). la interacts with, stabilizes, and replicates RE^ 
RNA3 derivatives 50- to 100-fold more efficiently than 
RE' RNAs (Rgure 1 E) (Sullivan and Ahlquist, 1 999). Thus, 
1 a and Gag both show high selectivity but not absolute 
specificity for their cognate RNA signals. As shown for 
Gag (Muriaux et al., 2001), such nonspecific RNA Inter- 
action may drive la-induced spherule fbrmatkm in the 
absence of BMV RNAs (Rgure 2B). 

The 1a-2a Complex Parallels Gag-Pol 
The 1a-2a complex parallels many aspects of retroviral 
Gag-Pol (Figure 7). Pol is fused to the Gag C terminus, 
and N-terminal 2a sequences interact with the C-tenninal 



la hellcase domain (Kao and Ahlquist, 1992; Chen and 
Ahlquist, 2000). Translational frameshift or readthrough 
yield a Gag to Gag-Pol ratio of MO-20, and regulation 
of 2a translation and stability (ishikawa et al., 1997a; 
Noueiry et al., 2000) yield a 1a:2a ratio of '^25 (Figure 
60). Pol and 2a are dispensable for selective capture of 
viral RNA by Gag and 1 a but when present are incorpo- 
rated into virions or replication complexes (Rgure 5B) 
to allow viral RNA copying (Rgures 1 F, 4, and 7). Accord- 
ingly, nascent and newly synthesized BMV RNAs local- 
ized in spherules in a membrane-associated, RNase- 
resistant, detergent-susceptible state (Rgures 4E and 
4F) identical to that of (-f )RNA3 templates and (-)RNA3 
replication intermediates (Rgure 1). 

While (-)RNA3 templates were retained completely 
in the la-induced RNase-resistant state, amplified 
(+)RNA3 progeny were partly or temporarily retained 
but also released to a RNase-sensitive state (Figure 1 F, 
lanes 1 and 3), consistent with their ability to translate 
reporter genes In vivo (Janda and Ahlquist, 1993; Ishi- 
kawa et al., 1997b). (+)RNA3 progeny release to the 
cytoplasm is underestimated in Figure 1 F since cyto- 
plasmic RNAS has an in vivo half-life of ^^5 min com- 
pared with >3 hr for membrane-associated, 1a-stabl- 
iized RNA3 (Janda and Ahlquist, 1998). As suggested 
by BrUTP labeling (Rgure 4F, top row of inset images), 
the necks connecting sphemlcs to the cytoplasm may 
serve as channels to export (+)RNA3 products and im- 
port rNTPs. Possible paradigms for RNA export are pro^ 
vided by dsRNA viruses (see below). 

Similarities with Other (+)RNA Vvuses 
These findings likely have implications for many (+)RNA 
viruses. Spherules similar to those of BMV are associ- 
ated with replicatk)n by many animal and plant (+)RNA 
viruses in the alphavtrus superfamily and beyond (e.g., 
Chaicroft and Matthews, 1 966; Grimley et al., 1 968; Hatta 
et al., 1973; Kim. 1977). Potentially related multivesicle 
structures are produced by other (+)RNA viruses such 
as the HCV-related flaviviruses (Westaway et al., 1997). 
The retroviral parallels revealed here provide a mecha- 
nistic basis for understanding such spherules, including 
insights into their assembly, organization, function, and 
relation to other viruses. 

While replicatton of many (•t-)RNA vinises involves 
BMV-IIke spherules, some induce altemate membrane 
structures, including other vesicle types or appressed 
membranes (Pedersen et al„ 1999; Egger et al., 2000; 
Suhy et al., 2000). Further woric Is needed to resolve 
the relation of these structures to BMV RNA replication 
complexes. However, just as Gag assembles varied 
structures depending on conditions, distinct but topo- 
logically related membrane structures might be induced 
by modulating Interactions among a set of RNA replica- 
tion factors and might provide environments locally simi- 
lar to those in spherules. Consistent with this, varied 
membrane stnjctures can be induced by subsets of pi- 
comavlms replication factors (Teterina et al., 1997). 

Similar to retroviral regulation of Gag-Pol, many 
(+)RNA vinises encode polymerase as a C-terminal fu- 
sion with other RNA replication proteins and downregu- 
late its translation 10- to 20-fold by readthrough or 
frameshift (Ishikawa et al., 1 986; U and Rice, 1 989). While 
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polymerase fusion and translational downregulation are 
common in reverse transcribing and (+)RNA viruses, 
other strategies exist. Like BM V 1 a and 2a, foamy retro- 
virus Gag and Pol are expressed as separate proteins 
(Linial, 1999). Retrotransposon Tfl (Levin et al., 1993) 
and some (+)RNA viruses such as picomavimses ex- 
press all replication factors at equal levels. Another com- 
mon though not universal similarity of (+)RNA viruses 
to retroviruses is the use of proteolytic processing to 
release and activate replication proteins from a poly- 
protein precursor (e.g., Lemm et al., 1994). 

Evolutionary Implications 

An evolutionary link between retroviruses and {+)RNA 
viruses previously was proposed based on tRNA priming 
of reverse transcription and initiation of RNA replication 
by tRNA-like 3' ends in BMV and some other viruses 
(Weiner and Maizels, 1987; Maizels and Weiner, 1999) 
and supported by the finding that initiation of reverse 
trenscription by a Neurospora mitochondrial retroplas- 
mid occurs without a primer at a tRNA-like CCAqh 3' RNA 
end and thus has characteristics intermediate between 
initiation of retroviral DNA synthesis and BMV RNA syn- 
thesis (Wang and Lambowite, 1 993; Weiner and Maizels, 
1994). Acquisition of Gag functions was proposed to 
occur after reverse transcription diverged from RNA rep- 
lication (Wang and Lambowitz, 1993). The results re- 
ported here show tfiat similarities between retrovirus 
and (+)RNA virus replication extend beyond evolving 
roles of tRNA-like elements in initiation and include Gag- 
like fuFKtions and multiple parallels in replication com- 
plex assembly, form, and function. While no combination 
of characteristics can prove divergent over convergent 
evolution, these parallels strengthen the possibility that 
retroviruses and (+)RNA viruses may have arisen from 
a common ancestor. All major transitions for such evolu- 
tion, including the transition between intracellular repli- 
cation complex and extracellular virion, can be envi- 
sioned or have precedents. Reverse transcriptase uses 
RNA templates and can be mutated to use riSITPs (Gao 
et al., 1997), and BMV RdRp can use DNA templates 
(Siegel et al., 1999). As noted above, certain Gag muta- 
tions block separation of budding virions, yielding a 
spherule-like bud. Conversely, a fraction of alphavirus 
spherules occur on the plasma membrane and some 
may bud or break off from the cell (Kujala et al., 2001). 
This may be the source of novel infectious particles 
generated when vesicular stomatitis virus envelope pro- 
tein G is expressed from an alphavirus replicon lacking 
all alphavirus virion proteins (Rolls et al., 1994). Rnally, 
while most retroviruses bud from the plasma membrane, 
foamy viruses, hepadnaviruses, and intracistemal A-type 
particles of some endogenous retroviruses bud into the 
ER, like BMV spherules (Swanstrom and Wills, 1997; 
Linial, 1999; Seeger and Mason, 2000). 

While initiation of BMV RNA synthesis is reminiscent 
of tRNA-primed retroviral DNA synthesis, most (+)RNA 
viruses lack detectable tRNA-like features. Membrane- 
associated RNA synthesis by picomaviruses Initiates by 
protein priming with similarities to protein-primed DNA 
synthesis by the reverse-transcribing hepadnaviruses 
(Paul et al., 2000). Thus, different (+)RNA viruses may 
have evolutionary links with different groups of reverse 
transcribing agents. 



In addition to retroviruses, Figure 7 bears striking simi- 
larities to RNA replication by dsRNA viruses, which also 
sequester RNA templates, RNA polymerase, and often 
RNA capping functions in a protein shell or core. Such 
packaging is perhaps best understood for dsRNA bacte- 
riophage (Poranen et al., 2001). Similar to retrovi- 
ruses and BMV, packaging of 06 RNAs in the replicative 
core does not require the viral polymerase, although It 
does require three other core proteins and 5'-proximal 
packaging signals in each of the <p6 RNAs. As with BMV, 
06 cores containing polymerase synthesize and retain 
(-)RNAs and use them to produce progeny (+)RNA. 
Similarities with retroviruses have been noted in organi- 
zation of the yeast L-A dsRNA virus core shell and poly- 
merase genes, which are expressed analogously to Gag 
and Gag-Pol (Wickner, 1 996). Structured RNA packaging 
signals are located internally In L-A mRNA, as in BMV 
RNA3. However, unlike retroviruses, BMV, or </>6, selec- 
tive packaging of L-A mRNA requires the viral polymer- 
ase. For the dsRNA reoviruses, the primary core shell 
protein contains a helicase-like domain, and (+)RNA 
products are released and capped through channels 
formed bfy a multifunctional RNA capping protein (Rein- 
Isch et al., 2000), in potential anak>gy to the helicase- 
like and capping domains of 1 a. Rotavirus particles bud 
into the ER and are transiently membrane-enveloped 
like BMV sphemles (Estes, 2001). 

Thus, all classes of viruses replicating through mRNA 
intemiediates, (+)RNA viruses, reverse transcribing vi- 
ruses, and dsRNA viruses sequester mRNA templates 
In a multisubunit core that directs synthesis of the RNA 
or DNA intenmediate from which more viral mRNA is 
made. Detailed simllarfities between members of each 
class suggest that an three classes may share evolution- 
ary links. Understanding how the underlying common 
principles are applied in each class should provide syn- 
ergistic Insights into such evolution and the function of 
existing viruses, including important human pathogens 
in each class. This poterrtially ancient replicative strat- 
egy offers multiple advantages, including an additional 
level of template specificity and retention of negative- 
strand products for template use. For RNA viruses, an 
additional advantage may be reducing exposure to 
dsRNA-mediated host defenses such as PKR and 
RNase L (Biron and Sen, 2001) or RNA Interference 
(RNAi) (Bass, 2000). 

ExperimontBl ProcoduTBS 

Yeast. Rasmids, RNA, and Protein Analysis 
Yeast strain YPH500, culturo conditions, spheroplasting, RNA isola- 
tion. Northern and Western blots, and arrti-la and antf-Opml anti- 
kx>die3 were as desci1t>ed (Janda and Ahlqutst, 1993; Chen and 
Ahlqulst, 2000). BMV 1 a, BMV 2a, and BMV RNA3 were expressed 
from PB1YT3H (Ahda et al^ 200Q), pB2Cn5 (Janda and ANquist, 
1983), and PB3MSB2 (Ahola et al., 2000). RNA3ARE and gloUn 
mRNA derfvattves were expressed as descrftied (Sullivan and Ahl- 
qulst, 1999). To express HA-2a, the HA epttope tag was inserted by 
PGR between 2a codons 2 and 3 in pB2CT15. Antibodies against 
HA and incorporated BrU were from Santa Cmz Biotechnology 
^anta Oniz, CA) and Roche (Indianapolis, IN), respectively. 

Cetl Fractionation 

Spheroplasts were lysed in buffer YLB (50 mM Trfs-CI [pH 8.0], 2.5 
mM EDTA, 1 mM PMSF. 5 ug/ml pepstatin, 10 ugAnl leupeptin, 10 
ug/ml aprotlnin, and 10 mM t>enzamidine) and centiifuged 5 min at 
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20,000 X g to yield pellet and supernatant fractions. For flotation 
analysis, 0.4 mt of ly^e adjusted to 52% (w^ sucrose In YLB was 
overlaid witti 0.9 ml of 45% sucrose and 0.1 ml of 10% sucrose bi 
YLB, and centrlfuged to equilibrium at 100,000 x g. Nudei pova 
et al., 1998) and nuclear membranes (KashnJg and Kasper, 1969) 
were isolated, and RdRp reactions (Quadt et a]., 1995) were per- 
formed as described. BrtlTP incorporation was performed at 30^ 
for 1 hr in 50 mM TrIs-HCI (pH 8.0), 10 mM MgClb 10 mM DTT, and 
1 mM ATP, 1 mM CTP, 1 mM GTP, and 1 mM BrtTTP, 

Electron Microscopy 

All steps were at room temperature unless noted. Yeast cells or 
nuclei were fixed fori hr in 2% gKjtaraldefiyde, 4% paraformalde- 
hyde, 50 mM KPO4 (pH 6.8), 0.8 M sorbitol, 1 mM MgCIs, and 1 mM 
EGTA. Cells were washed, incubated with 1 % NalO« for 1 5 min, arid 
postflxed for 1 hr in SOmM KPO4 tf^ 7.2). 1% O8O4, and 1% 
KsFe(CN)B. For Figure 20, 0.1 % tannic add was substituted for OsO* 
and K3Fe(CN)«. Cells then were incutiated In 1 % uranyl acetate over- 
night, detiydrated at 0*C in 50%, 70%, 90%, 95%, and 1 00% ethanol, 
and embedded In Spunrs resin. 

For Immunolabeling, nuclei were fixed witii 0.5% glutaretdehyde 
and 4% paraformaldehyde in the above buffer, washed, and incu- 
bated 1 5 min In 50 mM NH4CI. For Bril or 2a immunolabeling, nuclei 
were postfixed for 1 5 rriin in 50 mM KPO4 (pH 7.2), 0.1 % OSO4, and 
0.1 % K,Fe(CN)., dehydrated, and embedded in LR White resin. For 
1 a, postfixation was omitted. 70 nm sections were incubated for 30 
min In buffer AIB (PBS [pH 7.2], 0.1% BSA, 0.1% Tween'20, and 
0.1% fish gelatin) and for 18 hr at 4*C in AIB containing rabbit 
antiserum against la, HA, or Incorporated Bill. Sections were 
washed and incubated 2 hr In AIB containing goat anti-rabbit anti- 
bodies conjugated to 1 2 nm gold particles, washed, and incutiated 
1 5 min In 8% giutaraldehyde. Ail sections were poststained wtth 
8% uranyl acetate and Reynold's lead citrate, and viewed with a 
Philips CM120 microscope. 
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All positive-strand RNA [(+)RNA] viruses replicate their RNA on 
intracellular membranes, often in association with spherular in- 
vaginations of the target membrane. For brome mosaic virus, we 
previously showed that such spherules serve as compartments or 
mini-organeiles for RNA replication and that their assembly, struc- 
ture, and function have similarities to the replicative cores of 
retrovirus and double-stranded RNA virus virions. Some other 
(+)RNA viruses conduct RNA replication in association with indi- 
vidual or clustered double-membrane vesicles, appressed double 
membranes, or other structures whose possible relationships to 
the spherular Invaginations are unclear. Here we show that mod- 
ulating the relative levels and interactions of brome mosaic virus 
replication factors la and 2a polymerase {2aP°') shifted the mem- 
brane rearrangements associated with RNA replication from small 
invaginated spherules to large, karmellae-like, multilayer stacks of 
appressed double membranes that supported RNA replication as 
efficiently as spherules. Spherules were induced by expressing 1a, 
which has functional similarities to retrovirus virion protein Gag, or 
la plus low levels of 2a^. Double-membrane layers were induced 
by la plus higher levels of 2aP^ and were suppressed by deleting 
the major la-interacting domain from 2a^, The stacked, double- 
membrane layers altemated with spaces that, like spherule inte- 
riors, were 50-60 nm wMe, connected to the cytoplasm, and 
contained la and 2aP^. These and other results suggest that 
seemingly diverse membrane rearrangements associated with RNA 
replication by varied (+)RNA viruses may represent topologicalty 
and functionally related structures formed by similar protein- 
protein and protein-membrane interactions and interconverted by 
altering the balances among those interactions. 

Positive-strand RNA [(+)RNA] viruses are the largest genetic 
class of viruses and include many pathogens, such as the 
severe acute respiratory syndrome (SARS) coronavirus, hepa- 
titis C virus, and potential bioterrorism agents. Such (+)RNA 
viruses encapsidate messenger-sense genomic RNAs and repli- 
cate those genomes through negative-strand RNA intermedi- 
ates. The RNA replication complexes of (+)RNA viruses in- 
variably form on intracellular membranes, usually in association 
with vesiculation or other membrane rearrangements. Different 
( + )RNA viruses use distinct but usually specific membranes, 
ranging from the outer membranes of the endoplasmic reticulum 
(ER), later or mixed compartments of the secretory pathway, 
endosomes, mitochondria, and other organelles (1-7). 

Many (+)RNA viruses, including alphaviruses, nodavi ruses, 
bromoviruses, and many others form RNA replication com- 
plexes at virus-induced, vesicular invaginations of specific intra- 
cellular membranes (4-6, 8-11), One such virus is brome mosaic 
virus (BMV), a member of the alphavirus superfamily of human, 
animal, and plant viruses. BMV encodes two proteins that direct 
viral RNA replication in its natural plant hosts or yeast. Viral 
replication factor la contains a C-terminal helicase domain and 
a self-interacting N-terminal domain with m'G methyltrans- 
ferase and covalent m^GMP-binding activities required for viral 
RNA capping (12-14). Viral replication factor 2a polymerase 
(2aP°') contains a central polymerase domain and an N-terminal 
domain that interacts with the la helicase domain (15, 16). 
Replication factor la localizes to outer perinuclear £R mem- 
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branes, where it induces membrane lipid synthesis and 50- to 
60-nm vesicular invaginations or spherules, connected by means 
of necks to the cytoplasm, that serve as compartments or 
miniorganelles for RNA replication (6, 17-19). la also recruits 
viral RNA templates and 2a**''* to these compartments, which 
concentrate replication factors, link successive replication steps, 
and protect double-stranded RNA intermediates from host 
RNA interference and IFN responses (6, 16, 20-22). The roles 
of la, 23**^', and certain cts RNA signals in assembly and function 
of these intracellular spherular BMV RNA replication com- 
plexes parallel those of Gag-, Pol-, and RNA-packaging signals 
in the membrane-enveloped replicative cores of retrovirus viri- 
ons (6). These roles also show similarities to double-stranded 
RNA virus virion cores, suggesting functional and possible 
evolutionary links among these three virus classes (6). 

Although all (+ )RNA viruses assemble their replication com- 
plexes on membranes, RNA replication by some (-f)RNA 
viruses induce apparently distinct membrane rearrangements 
involving alternate vesicle types, appressed membranes, or both. 
Flavivirus replication factors and double-stranded RNA repli- 
cation intermediates colocalize in packets of 50- to 100-nm 
vesicles enclosed in a second bounding membrane (1). Replica- 
tion of the 12.5-kb arterivurus RNA localizes to 80-nm double- 
membrane vesicles (2), and the related coronaviruses replicate 
their >30-kb genomes in association with 200- to 350-nm 
double-membrane vesicles (23), Poliovirus RNA replication is 
associated with clusters of 150- to 300-nm, double-membrane- 
bounded vesicles (3, 24). RNA replication has been proposed to 
occur in the space between these clustered vesicles (25). 

Here we show that modulating the relative levels of BMV 
replication factors la and 2aP°^ and, thus, the balance of their 
homotypic and heterotypic interactions, shifts the structure of 
membrane rearrangements associated with RNA replication 
from small spherular invaginations, as is found in natural 
infections by bromoviruses and many other (+)RNA viruses 
(4-6, 8-11), to large stacks of karmellae-like, appressed double- 
membrane layers that also support efficient viral RNA replica- 
tion. We also show that la-2aP®* interaction motifs are critical for 
inducing this new membrane rearrangement. The results suggest 
that alternate membrane morphologies associated with RNA 
replication by various (+)RNA viruses may embody common, 
underlying principles of architecture and assembly. The results 
also have implications for other features of RNA replication, 
such as the frequent down-regulation of polymerase expression 
in (+)RNA and reverse-^transcribing viruses. 
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Materials and Methods 

Yeast and Pfasmids. Yeast strain YPH500 and culture conditions 
were as described in ref. 16. BMV la was expressed from the 
. GALI promoter by using pBlYT3H (26). BMV 2aPo* was 
expressed from pB2Cri5 {ADHI promoter) (26), pB2YT5 
(GALI promoter) (14). or pAON55 (CUPl promoter), a 
pB2YT5 derivative with the GALI promoter replaced by that of 
CUPJ. BMV RNA3 was expressed from pB3MS82, which en- 
codes a full-length RNA3 derivative that does not express coat 
protein (14). Sec63>GFP was expressed from pJK59, kindly 
provided by J. Kahanab and P. Silver (Harvard Medical School, 
Cambridge, MA). 

RNA and Protein Analysis. Cell fractionation, isolation of nuclei, 
RNA-dependent RNA polymerase reactions (6), and Northern 
(16) and Western blot analyses (17) were as described. RNA was 
purified from cell fractions by using Qiagen RNeasy columns. 

Microscopy. Confocal and electron microscopy (EM) were per- 
formed as described in refs. 6 and 16. Under EM, not all cell 
sections in populations expressing la or la plus 2aP°' show nuclei 
or perinuclear membrane rearrangements because of the limited 
cell region revealed by the random plane of sectioning, incom- 
plete plasmid segregation and consequent absence of plasmids 
from significant fractions of continuously selected yeast popu- 
lations (27), and other effects. Thus, the relative frequencies of 
perinuclear membrane layers versus spherules were calculated as 
the percentage of cell sections with BMV-induced perinuclear 
membrane rearrangements that showed layers or spherules, 
respectively (see Figs. 4 and 5). 

Results 

Increased Levels Alter la-Induced Membrane Rearrangements. 

BMV la protein associates as a peripheral membrane protein 
with the cytoplasmic face of the outer ER membrane and induces 
invaginations of this membrane into the ER lumen to form 
vesicles or spherules whose interiors are connected through 
narrow necks with the cytoplasm (6). These spherules are 
induced either in yeast expressing la alone or in yeast expressing 
la and 2ar^' from plasmids by using the stronger GALI and 
weaker/4D/// promoters, respectively (laG+2aA yeast; Fig. IC) 
(6). By contrast, in the great majority of yeast cells expressing 
both 2aP^^ and la from plasmids by using the GALI promoter 
(lao+2ao yeast), we discovered by EM that the perinuclear 
membrane did not form spherules but proliferated into a series 
of 2-7 appressed layers of double-membrane ER (Fig. 1 D and 
E), These karmellae-like, multilayer structures were formed by 
folding over continuous sheets of ramified, double-membrane 
ER with its enclosed lumen (Pig: ID). The successive, double- 
membrane ER layers were separated by regular, 50- to 60-nm 
spaces (Fig. 1£), which at their ends were contiguous with the 
cytoplasm (Fig, LD, top and bottom left). Yeast expressing 2aP°* 
from either the GALI oxADHl promoters but lacking la lacked 
either layers or spherules and showed no detectable membrane 
changes from WT yeast (Fig. LB). By contrast, yeast expressing 
la from either the GALI oxADHI promoters but lacking 2aP°' 
contained perinuclear spherules but never layers (ref. 6 and 
results not shown). 

Confocal imaging of live cells expressing a fusion of GFP to 
Sec63, an integral ER membrane protein, correlated well with 
the higher resolution ultrastructure obtained by EM. In cells not 
expressing BMV components, Sec63-GFP defined a perinuclear 
ER layer of relatively uniform thickness (Fig. IF), Yeast ex- 
pressing lac + 2aA, which contained perinuclear spherules (Fig. 
IC), showed modest thickening of some perinuclear sections 
(Fig. IG). In laG+2aG yeast, which contained predominantly 
BMV-induced double-membrane layers, large sections of the 




Rg. 1. Two alternate membrane rearrangements are induced by la and 
28*^. (A-f) Representative electron micrographs of yeast cells expressing no 
BMV components (A), GALI promoter-driven 2aP<»' (fi), GAL^ promoter-driven 
la and AOHf promoter-driven Tz^ (1aG-i-2aA} (O. or GAU promoter-driven 
la and 2a^' (lac+ZaG) (0 and £). (F-H) Representative confocal fluorescence 
images of live yeast cells expressing Sec63p-GFP and no BMV components 
if), 1aG+2aA (6). or 186+286 {Hi, Nuc nucleus; Cyto, cytoplasm. (Scale bars, 
100 nm.) 



GFP-fluorescent perinuclear layer showed a strikingly greater 
thickening (Fig. 1//). Thus, the Sec63-GFP results confirmed 
that, in the presence of la, 2aP°* expression from the stronger 
GALI promoter induced alternate perinuclear membrane 
changes in live cells and not just in cells fixed for EM anafysis. 

Double-Membrane Layen Contain la and 2sP^ and Support BMV RNA 
Replication. Yeast expressing BMV la, 2d^\ and BMV genomic 
RNA3 support RNA3 replication, including production of 
negative-strand (-)RNA3 that is copied to dramatically am- 
plify (+)RNA3 and to produce the subgenomic mRNA RNA4 
(26, 28). Northern blot analysis (Fig. 24) showed that, when 
RNA3 was expressed from a third plasmid. similar levels of 
RNA3 replication and subgenomic RNA4 production occurred 
in laG+2aA and lao+^ac yeast, which contained membrane 
spherules or layers, respectively (Fig. 1). Thus, BMV RNA 
replication can occur in association with two distinct mem- 
brane architectures. 

Yeast expressing lao+2aG accumulate la and 2aPo' in a 
la/2aPo' ratio of «»25 (6). Western blot analysis confirmed that 
the levels of la accumulation were indistinguishable in laG+2aA 
and lao+2aG yeast (Fig. lA), However, as expected, GALI- 
promoted 2a>^ expression associated with membrane layers 
increased 2aP°* levels by >2-fold relative to thei4£)///-promoted 
2aP°* expression associated with spherules (Fig. Z4), 

Confocal ImmunoGold EM and biochemical analyses showed 
previously that la localizes both itself and 2aP°' to the cytoplas- 
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FI9. 2. Double-membrane layers induced by 1a/2aP^ contain la and 
and support BMV RNA replication and la-induced membrane assodation and 
nuclease resistance of viral RNAs. (4) Northern and Wertern blot analyses of 
RNA3» RNA4. la and 2af»' accumulation In lac+ZaA yeast that contain pe- 
rinuclear spherules (Sph). or lac+aac yeast that contain double-membrane 
layers (L). (8) ImmunoGold EM localization of 1a (Upped and 2aP°' {Lowed in 
1aG+2aG yeast containing double-membrane layers. Replication factor la was 
localized with polyclonal antl-la antiserum (17). Because anti-2a antibodies 
gave weak ImmunoGold labeling. 2aP»' was localized by using an anti-GFP 
monoclonal antibody (JL-8. Clontech) to detect a 2a»»*-GFP fusion that sup- 
ports BMV RNA replication (16) and Induced ultrastructural changes indistin- 
guishable from WT Zapo" (compare with Fig. ID). Nu<; nucleus; Cyto, cyto- 
plasm. (Scale bars, 100 nm,) (0 Northern blot analysis of cell fractionation 
extracts from 1 9q+ 2aA yeast that contain spherules (upper rovtO and 1 ac-f 2aG 
yeast that contain douWe-membrane layers (lower row). The analysis shows 
the distribution of (+)RNA3 and (-)RNA3 in total lysate (T), 20,000 X 9 
membrane-depleted supernatant (S), or membrane-enriched pellet (P) frac- 
tions after one of the following treatments: no additional treatment (none), 
addition of 0.01 units/ml micrococcal nuclease/1 mM CaOj for 1 5 min at 30'C 
(RNase), or addition of 0.5% Nonidet P-40 for 15 min at 4*C followed by 
nuclease treatment (Det/RNase). 



mic face of the perinuclear ER membrane and that, in laG+2aA 
yeast, each BMY-induced spherule contains hundreds of la 
proteins and «»10-15 2aP*'' proteins (6. 17, 18, 29), ImmunoGold 
EM analysis showed that, in laG+2ao yeast, la and 2aP°' 
localized to the perinuclear membrane layers, with «80% of the 
ImmunoGold label in the cytoplasmic spaces between the dou- 
ble-membrane ER layers or on the cytoplasmic face of the 
outermost membrane layer (Fig. 25). Some clustering of gold 
particles occurred, suggesting possible points of la and 2aP°* 
concentration within the layers (see also below). 

Cells Containing Membrane Layers Sequester (+)RNA3 and (-)RNA3 
Templates in a Membrane-Assodated. Nudease-Resistant State. In 

the absence of Isfi^^, la acts through a specific cis-acting RNA 
sequence to recruit RNA3 replication templates to a membrane- 
associated, nuclease-resistant state (6, 20, 21). This state appears 
to correspond to the interior of the la-induced spherules be- 
cause, in laG+2aA yeast replicating RNA3, (+)RNA3 and 
(-)RNA3 templates and nascent RNA are retained in an 
indistinguishable, membrane-associated, nuclease-resistant 
state and ImmunoGold EM localizes BrUTP-labeled nascent 
RNA to spherules (6). 

In laG+2ac yeast containing double-membrane layers, we 
found similar membrane association and protection of 
(+)RNA3 and (-)RNA3 (Fig. 2C). Samples of lac+2aA or 
laG+2aG yeast replicating RNA3 and containing spherules or 
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Rg. 3. Isolated nuclei retain perinuclear, double-membrane layers, BMV 
RNA templates, and BMV-specific RNA-dependent RNA polymerase (RdRp) 
activity. (A) Representative electron micrograph of a nudeus Isolated from 
lac+aac yeast and bearing 1a/2af»L|nduced, double-membrane layers. (Scale 
bar, 100 nmJO) Northern blot analysis of ('f)-and(--)-strand RNA3and RNA4 
and BMV-spedfIc RNA-dependent RNA polymerase activity found In prepa- 
rations of nudei isolated from lac+ZaA yeast that contain perinuclear spher- 
ules (Sph) or lac+Zac yeast containing double-membrane layers (L). 

layere, respectively, were treated with lyticase to remove cell 
walls and then lysed and centrifuged at 20,(XX) X ^ to yield a 
membrane-enriched pellet (P) and a cytosolic supernatant (S). 
In both cases, the majority of (+)RNA3 and (-)RNA3 was 
recovered in the membrane-containing pellet, with little RNA3 
in the supernatant (Fig. 2C, lanes 1-3 and 8-10). This mem- 
brane-associated RNAS was highly resistant to added nuclease 
(Fig. 2C, lanes 4-5 and 11-12) but became nuclease-susceptible 
after treatment with a membrane-disrupting, nonionic detergent 
(Fig. 2C, lanes 6-7 and 13-14). Thus, in association with both 
membrane architectures, (+)RNA3 and (-)RNA3 were found 
in a membrane-associated, nuclease-resistant, nonionic deter- 
gent-susceptible state. 

Isolated Nudei Retain Double-Membrane Layers, Viral (+)RNA and 
(-)RNA« and RNA-Dependent RNA Polymerase. To further charac- 
terize the perinuclear, double-membrane layers, nuclei were 
isolated from laG+2a<} yeast These nuclei retained double- 
membrane layers that were stable through nuclear isolation and 
EM analysis, suggesting relatively strong adhesion between the 
double-membrane layers (Fig. 14). Similarly, nuclei isolated 
from laG+2aA yeast retain perinuclear spherules (6). Prior 
results show that la is required to direct RNAS to nuclear 
membranes and that in the absence of la, RNAS fractionates 
with the cytosol (6), Nuclei isolated from cells containing 
membrane layers or spherules contained similar levels of 
(+)RNA3, (-)RNA3, and RNA4 (Fig. 3B). Nuclei from both 
types of la- and 2aP*''-expressing yeast, but not from WT yeast, 
also incorporated radiolabeled ribonucleotides into BNfV RNA 
replication intermediates (Fig. 3B) (6). 

2aP«» Levels Modulate Layer Formation. To further explore the 
relationship between double-membrane layers and 2aP^ levels 
(Fig. 2A), the copper-responsive, lineariy inducible CUPJ pro- 
moter was used to regulate 2ai»^ levels in cells coexpressing la 
from the standard GAL7 -promoted la expression plasmid. As 
shown in Fig. 4, increasing [Cu^"^] in the medium progressively 
increased 2aP°* accumulation, whereas la levels remained essen- 
tially constant. EM analysis showed that the percentage of cells 
with perinuclear membrane layers increased in parallel with 2aP°* 
(Fig. 4), whereas the percentage of cells with perinuclear spher- 
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Rg. 4. Increasing 23i»' levels promotes 1a/2aP<»l-medlated induction of 
double-membrane layers. Western analysis (Top and Middle) showing nearly 
constant la expression iProm the GAIT promoter and linearly increasing 2a(^ 
expression from the copper-Indudble CUP1 promoter in yeast grown in me- 
dium with the Indicated levels of CUSO4. For each CUSO4 concentration, the 
histogram indicates the frequency of EM-vlsualized cell sections showing 
BMV-induced perinuclear double-membrane layers, relative to cells showing 
BMV-tnduced perinuclear spherules. The results show averages over two 
independent experiments, and in each experiment 150- to 200<ell sections 
with BMV-rnduced membrane rearrangements were scored for each indicated 
CUSO4 concentration. Standard error bars are indicated. 



ules declined correspondingly. In the absence of added Cu^*. 
little 2aP°' was detected, but a low percentage of cells contained 
membrane layers. However, when the CUPl-2z^ plasmid was 
omitted, no membrane layers were seen at any [Cu^"*"] concen- 
tration tested, confirming that 2aP°' was required to induce layers 
and that Cu^"^ alone did not promote layering. 

Deleting a la-Interactive, N-Terminal 2ay^^ Domain Inhibits Membrane 
Layer Formation. BMV la and 2aPo^ interact in vitro and in vivo 
through the la C-terminaJ helicase domain and 2aP*»* amino adds 
50-113 (15, 16). To test the contribution of this la/2ai~* 
interaction to la- and 2aP**'-dependent induction of perinuclear 
membrane layers, we constructed a series of 2aP°' deletions and 
assayed their ability to induce layers when expressed from the 
GALl promoter in yeast coexpressing la (Fig. 5). Western blot 
analysis with multiple monoclonal antibodies against various 
regions of 2aP^ to visualize all deletion derivatives showed that 
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Hg. 5. Deleting the N-proxImal la-interacting domain of Inhibits 
Induction of double-membrane layers. Diagram of 2aP<>' deletion derivatives 
with the indicated amino acids deleted. The shaded box indicates the 2aPo' 
segment directing high-afflnity interaction with the la helicase-like domain 
(15. 16). The histogram indicates the frequency of EM-visualtzed cell sections 
that show BMV-lnduced perinuclear double-membrane layers relative to cells 
showing 6MV<lnduced perinuclear spherules. The results show averages over 
two Independent experiments, and in each experiment ISO- to 200-cetl sec- 
tions with BMV-induced membrane rearrangements were scored for each 
laP^ deletion derivative. Standard error bars are indicated. 



Fig. 6. Underlying structure in the cytoplasm<onnected spaces between 
double-membrane layers In 1 aG-i-2aG yeast. See Aesu/tsf or further comments. 
Nuc nudeus; Cyto, cytoplasm. (Scale bar, 100 nm.) 



each derivative accumulated to levels close to WT 2aP°' (results 
not shown). Deletions overlapping the polymerase domain but 
retaining the la-interactive domain (amino acids 262-383, 385- 
526, or 534-822) induced double-membrane layers at frequen- 
cies approaching those of WT (64-78%). By contrast, all dele- 
tions overlapping the N-proximal, la-interactive 2ai»» domain, 
including deleting the first 102, 161, or 259 amino acids, dras- 
tically reduced the frequency of perinuclear membrane layers 
(12.-18%) relative to WT 2aPo' (92%), The low, residual fre- 
quency of membrane layermg in the absence of the N-proximal 
2aP°* domain may depend on lower affinity interaction between 
la and the central polymerase domain of 2aP*^ (30), 

Internal Structures Between Double-Membrane Layers. Although the 
BMV-induced double-membrane layers showed relatively 
smooth contours in most EM images of fixed cells (Fig. 1 D and 
£), most isolated nuclei (Fig. 3/1) and a smaller percentage of 
fixed cells (Figs. 2B and 6/4) showed perinuclear membrane 
layers with a distinctly ruffled or corrugated morphology. Thus, 
in at least some cases, the intermembrane space was not uniform 
but possessed some underlying variation or structure. Moreover, 
in rare instances, oblique sections of the membrane layers 
exposing significant areas of intermembrane space revealed the 
presence of spheres whose 50- to 60-nm diameters corresponded 
closely to those of spherules and to the average spacing of ER 
membrane layers (Fig. 6fl). The possible relationship of mem- 
brane ruffling and these spherical structures to the imderlying 
architecture of the intermembrane space is considered further in 
DUcusaoii, 

Discussion 

As noted in the Introduction, the universal membrane associa- 
tion of (+)RNA virus RNA replication appears crucial to 
replication complex assembly and function, yet RNA replication 
by different (+)RNA viruses induces varied membrane rear- 
rangements including invaginations, double-membrane vesicles, 
and layered membranes. The results presented here suggest that 
such apparently distinct morphologies may share underlying 
structural features. Specifically, modulating the relative expres- 
sion or interactions of BMV RNA replication proteins la and 
2aP°' switched the membrane rearrangements associated with 
RNA replication from the spherular invaginations (spherules) 
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H9. 7. Models for 2aP°' modulation of 1 a-dependent membrane rearrange- 
ments. See Discussion for further comments. (A) Invagination of a spherule 
(«50nm in diameter) intothe outerperinuclear ER membrane by la formation 
of a membrane-enveloped, capsid-like shell wfth la recruitment of 2aPo' and 
viral RNA. Bold lines depict ER membranes and gray shading depicts the ER 
lumen. (S) High 2aP«' concentrations may promote zippering together of 
double-membrane layers by 1d-2a complexes- Replication factor la might 
participate as monomers or multlmers (hexamers or pentamersj. Self- 
interaction of 2aP<»' might be direct or mediated by RNA or 2aP«Mnteracting 
host proteins (33). As suggested by Fig. 6, spherule cores may be trapped In 
such layers. (Q High 2a»»' concentrations may block 1a-1a curvature needed 
to form spherules by steric hindrance between 23'*' factors bound to adjacent 
la factors (left side), tending to restrict la to planar lattices (right side). (0) 
Between the stacked double-membrane layers, extended planar lattices of 1 a 
with tMund 2aP**' might provide a local replication complex environment 
similar to spherule interiors and may be closed by occasional regions of ta 
curvature. 



found in natural infections by bromoviruses, the related alpha- 
viruses, and many other (+)RNA viruses (4-6, 8-11) to stacked 
layers of double ER membranes (Fig. 1). Like spherules, these 
stacked, double-membrane layers were the sites of la and 2ai^^ 
accumulation, protected viral RNA templates from nuclease, 
and supported RNA replication (Figs. 2 and 3). Below we discuss 
relevant interactions of la and 2aP<*', the underlying structure of 
membrane spherules and layers, and possible relationships to 
other (+)RNA viruses. 

Modulation of Replication-Associated Membrane Rearrangements by 
2a««»'. In the absence of other viral factors, la induces membrane 
spherules but never layers, whereas 2aP°' alone induces no 
membrane rearrangements (Fig, IB and ref. 6). Formation of 
double-membrane layers required coexpressing la and 2aP°', was 
progressively favored by increasing 2a^^ levels (Fig. 4), and vyas 
inhibited by deleting the major la-interacting domain from 2aP*** 
(Fig. 5). Double-membrane layers also were promoted by re- 
ducing la expression relative to 2aP°'. When la was expressed 
from the weaker ADHl promoter, cells formed layers when 2aP°' 
was expressed from either the CALI or ADHI promoter (un- 
published results). 

Replication factor la interacts with ER membranes and itself 
(12, 29) and is present at hundreds of copies per spherule (6), 
suggesting that la may induce spherules by forming a virion-Iike 
shell (Fig, 7A) (6). At least two nonexclusive mechanisms could 
explain how increasing 2aP®' expression relative to la induces 
membrane layering rather than spherules. First, similar perinu- 
clear layers of double ER membranes, termed karmellae, and 
other organized smooth ER double-membrane arrays, including 
whorls, sinusoidal arrays, and crystalloid ER, are formed when 
certain ER-associated proteins like 3-hydroxy-3-methylglutaryl 
CoA reductase are expressed above a threshold level (31). Such 
membrane stacking requires interaction between the cytoplas- 
mic domains of the inducing membrane proteins but, when the 
responsible membrane protein is expressed at high. levels, even 
low-affinity, dynamic interactions suffice (31). 
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At sufGcient levels, 2aP°^ may induce stable layer formation by 
mediating similar zippering interactions between opposing mem- 
branes. Clustering of 2aP°* in vivo (16) suggests that 2aP**' interacts 
with itself, and the related poliovirus 3D polymerase self- 
interacts to form planar or tubular lattices (32). In keeping with 
the dependence of membrane layering on 2a!^^ interaction with 
la (Fig. 5), la-2aP°* complexes might zipper together opposing 
membranes by means of 2ai»* -2a»^ interactions (Fig. 7B). Such 
2aPoi -2aP^ interactions may be direct or mediated by RNA or 
2aP°^-interacting host proteins (33). Most proteins inducing 
organized ER membrane arrays induce a cytoplasmic space of 
8-11 nm between the stacked layers of double-membrane ER 
(31). The -^SO-nm spacing between double-membrane layers 
induced by la and 2aP«* suggests bridging by larger complexes, 
such as whole-spherule cores (Fig. 6), la hexamers or pentamers 
(see below), 2aP°' dimers or multimers, or protein-RNA com- 
plexes. Spherule cores trapped in these layers (Figs. 6 and IB) 
could support RNA replication. 

Alternatively or in addition, 2aP°' overexpression might pro- 
mote ER membrane layering by inhibiting la formation of 
spherules. Like the CA subunit of HIV Gag (34), la may 
assemble on membranes as a planar hexameric lattice, into which 
pentamer defects are introduced to generate curvature and 
invaginate the spherule replication compartments. The la-2aP°' 
complex, which parallels many aspects of retroviral Gag-Pol 
fusion proteins, is incorporated into spherules at a la/2aP°' ratio 
of «25, similar to the Gag/Gag-Pol virion ratio of ^20 (6). 
Gag-Pol overexpression interferes with HIV virion assembly 
(35), possibly because the virion interior, to which Pol is local- 
ized, lacks room for Pol on more than a fraction of Gags (36). 
Similarly, 2aPo' association with adjacent la replication factors 
may sterically block the la-la curvature needed to form spher- 
ules (Fig. 7C). Thus, above a threshold density, 2aP°^ binding 
might tend to restrict la to planar lattices on ER membranes 
(Fig. 7 C and D). The resulting membranes may be linked by 
occasional la-2aP*** bridges as noted above (Fig. IB), and/or by 
occasional regions of curvature that allow the extended la lattice 
to close (Fig, ID), The environment between such la and 
la-2aP*'* bearing lattices would be locally similar to spherule 
interiors and might support RNA replication. 

Pol Down-Regulation In (+)RNA Vimses and Retroviruses. Because 
2aPo* levels and interactions dramatically affect BMV replication 
complex ultrastructure, it is notable that bromoviruses and many 
other (+)RNA viruses have multiple mechanisms to reduce 
polymerase expression, accumulation, and interaction. Like ret- 
roviruses, many (+)RNA viruses, including alphaviruses, coro- 
naviruses, tobamoviruses, and others, use translational frame- 
shift or read-through to reduce polymerase expression 10- to 
20-foId relative to upstream factors related to BMV la, and this 
regulation is linked to replicalive fitness (37, 38). BMV, which 
encodes la and 2aP°' on separate genomic RNAs, inhibits 2aP*»' 
translation at initiation (39). BMV and alphaviruses also regu- 
late polymerase stability (40, 41). Bromovirus la-2aP^ interac- 
tion is further down-regulated by competing intramolecular 
la-la interaction and 2aP°* phosphorylation (12, 42). Picoma- 
viruses and some other (+)RNA viruses express polymerase at 
levels equimolar with other replication factors. Some of these 
viruses, such as the picomavirus-like potyviruses, sequester large 
amounts of excess polymerase away from RNA replication in 
self-assembled nuclear inclusions (43). 

Relation to Other (+)RNA Viruses. The ability to experimentally 
modulate la-2aP°' interactions to switch the ultrastructure of 
functional BMV RNA replication complexes between small 
vesicular invaginations and extensive double-membrane layers 
suggests that seemingly diverse membrane rearrangements as- 
sociated with RNA replication by varied (+)RNA viruses may 
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represent related structures formed by similar protein-protein 
and protein-membrane interactions (Fig. 7). Similarly, retrovi- 
rus Gag proteins use a common set of underlying interactions to 
assemble sheets, tubes, cones, or isometric shells under various 
circumstances (34). 

The varied membrane rearrangements associated with 
(+)RNA virus replication share some similarities. Flavivirus 
RNA replication localizes to packets of 50- to 100-nm vesicles 
surrounded by a second membrane (1). These vesicle packets 
appear similar to EM views of spherules invaginated into ER and 
mitochondrial lumens by BMV and nodaviruses, respectively, 
when sectioned perpendicular to the direction of invagination 
(refs. 6 and 9 and unpublished results). Picomavirus, coronavi- 
rus and arterivirus RNA synthesis occurs in or on double- 
membrane vesicles (2, 3, 23). Although BMV spherules typically 
are invaginated into a dilated perinuclear ER lumen and are 
tightly wrapped only by the outer ER membrane, the inner ER 
membrane constitutes a second bounding membrane surround- 
ing the spherule, making them also double-membrane structures 
(Fig. 7/1). Arterivirus double- membrane vesicles are thought to 
form similarly to spherules by invagination of appressed ER 
membranes (2). Poliovirus double-membrane-bounded vesicles 
appear to be formed by ER membranes wrapping around a 
portion of cytoplasm, which is topologically equivalent to invag- 
inating a portion of ER membrane and its surrounding cyto- 
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plasm into the ER lumen (ref. 3; compare with Fig. 7A), Some 
EM sections of poliovirus double-membrane vesicles reveal a 
narrow neck at which, as for spherules, the inner and outer 
membranes are continuous and inner vesicle contents connect 
with the cytoplasm (44). 

Like la/2aP°'-induced double-membrane layers, picomavirus 
double-membrane vesicles cluster by interaction of surface mem- 
branes carrying viral RNA replication factors (24, 25, 32). Two 
of these factors, 2C and 2BC, induce ordered ER-membrane 
arrays, including stacked membrane layers, whorls, and crystal- 
loid ER (45, 46). Similarly, nodavirus and tymovirus RNA 
replication occurs in association with BMV- and alphavirus-like 
spherules invaginated into the outer membranes of mitochondria 
and chloroplasts, respectively, and the replication factor-bearing 
surface membranes of these modified organelles cluster like 
poliovirus vesicle rosettes (9, 47). Retargeting nodavirus RNA 
replication protein A from mitochondria to ER also induces 
karmellae-like double-membrane layers that, just as for BMV, 
support RNA replication (48, 49). 
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